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Voorwoord
De wetenschapper gaat ten onder aan de zijn hang naar erkenning aldus het
KUNieuws (nr 31, 1997). Zo vergaat het ook de schrijver van een proefschrift als het
onderwerp nog completer onderzocht, en de zinnen nog mooier en zorgvuldiger
geformuleerd moeten worden. Gelukkig komt aan alles een eind, ook aan het
schrijven van een proefschrift. Het spreekt voor zich dat zonder de ondersteuning en
het vertrouwen van velen deze dissertatie niet tot stand had kunnen komen. Daarom
is dit de plaats om een ieder die bij het project betrokken is geweest nog eens
persoonlijk te bedanken.
In de eerste plaats wil ik Saskia Kunnen, Gerrit Breeuwsma, en Paul van Geert
danken voor de academische vorming, die mijn wetenschappelijk denken in grote
mate bepaald heeft.
Ernest van Lieshout en Monique Jaspers wil ik danken voor het vertrouwen dat
jullie in mijn mogelijkheden stelden voor, tijdens en na de aanstelling als OIO. Ernest
wil ik bovendien danken voor de vrijheid die je me gaf bij de realisatie van dit
project. Je hebt me de verantwoording gegeven voor het welslagen van het onder-
zoek. Door je kritische opmerkingen heb je me laten reflecteren op de voetangels en
klemmen die een trainingsonderzoek met zich mee brengen. Ook heb je voldoende
aan de teugels getrokken als ik, in een overmoedige bui, wilde plannen probeerde te
realiseren.
Het schrijven van een proefschrift valt ruwweg uiteen in een aantal fasen: de
oriëntatiefase, representatiefase, de oplossingsfase en de slotfase. In de oriëntatiefase
krijgt de promovendus een bad met relevante literatuur, om vervolgens te con-
cluderen dat hij weliswaar veel gelezen heeft maar nog geen expert is. Monique
Jaspers wil ik in dit verband bedanken voor het aanreiken van haar eigen proef-
schrift en de “bijbel” van Verschaffel op de eerste werkdag. Daarnaast heb je ervoor
gezorgd dat Arnoud Verdwaald en ik op een bijzonder prettige manier verwelkomd
werden in de rekengroep. Je enthousiasme en warme uitstraling zorgden voor een
moeiteloze overgang van het hoge noorden naar het bourgondische zuiden. 
In de representatiefase worden de plannen gesmeed om te komen tot de
uitvoering van het experimentele onderzoek. In mijn geval moest er een computer-
gestuurd trainingsprogramma worden ontwikkeld. Het schrijven van computer-
programma’s is jezelf een worst voorhouden. Je zet korte termijn doelen en lange
termijn doelen. Als het korte termijn doel is bereikt, dan bedenk je dat het nog mooi-
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er, transparanter en eenvoudiger kan worden geprogrammeerd, met als gevaar dat
het lange termijn doel steeds verder weg komt te liggen. In deze periode kwamen
Kees van Eekelen van de Research Technische Dienst Verlening, Tilly Houtmans,
Mariette Kerstholt en Joris Borst Pauwels in zicht. Joris heeft zich voor het project
ingezet door geluidsroutines te ontwikkelen in TML-Pascal. Kees vroeg zich af
waarom wij nog werkten met de verouderde Apple II GS en waarom ik program-
meerde in Pascal en niet in Hypercard. Ik herinner me nog het gezicht dat je daarbij
trok. Wat de machinerie betreft, heb je gelijk had. Er zijn talloze momenten geweest,
dat ik met alle liefde de computers van de 16e verdieping van het Erasmusgebouw
naar beneden had willen gooien. Helaas ik heb het nooit gedaan. Kees bedankt voor
de tips, trucs en ondersteuning. Mariette is in deze fase enorm belangrijk geweest
door het inspreken van opgave-, instructie- en feedbackteksten, in een (voor mij)
accentloos Nederlands. En dan last but not least Tilly. Tilly heeft zich in de represen-
tatiefase verdienstelijk gemaakt door het programma eindeloos te debuggen. Je hebt
me soms tot wanhoop gedreven als er weer een fout werd ontdekt in de pro-
grammatuur, waarvan ik dacht dat deze er niet (meer) in kon zitten. Ik vrees dat ik
in die tijd heb ontdekt, dat je moeilijk nee kunt zeggen als je wat wordt gevraagd.
Desalniettemin ben ik je zeer erkentelijk voor de energie die je in deze activiteiten
heb gestopt. Door jouw toedoen hebben de programma’s kunnen functioneren.
Arnoud Verdwaald heeft mij in deze periode tactvol gewezen op gebruikers-
vriendelijk en ergonomisch programmeren. Bovendien heb je me toen en later steeds
gewezen op nieuwe programmatuur en mogelijkheden voor de Apple Macintosh
computer. Je hebt zelfs de moeite genomen om ons plafond te witten na de ver-
huizing van Groningen naar Nijmegen. Hoewel ik het misschien niet (voldoende)
heb laten blijken, ben je toch een zeer gewaardeerde collega.
Na de representatiefase volgt de oplossingsfase. Het is in deze periode dat de
hypothesen en programma's moesten worden getoetst aan de werkelijkheid. Scholen
worden benaderd, proefleiders geworven en geïnstrueerd. Alexandra Costantini,
Roger Donners, Michel Donners, Marga Hagen, Patty Herrewijn, Desiree Janssen,
Suzanne Knoops, Gerdien Langkamp, Astrid Ockers, Ingrid Schopmans, Margreet
Sieroversche en Martin van Gelder, jullie worden ontzettend bedankt voor je inzet
als proefleiders. Mijn bijzondere waardering wil ik nog uitspreken voor het tekenen
van de fantastische striptekeningen door Martin voor het praatjes/plaatjes experi-
ment zoals beschreven in het vierde hoofdstuk.
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Het uittesten van educatieve software voor kinderen met leerproblemen vergt de
inzet van kinderen en leerkrachten van scholen voor LOM- en MLK-onderwijs. Voor
de geweldige samenwerking worden kinderen en medewerkers van de Aloysius-
school, de Bakkerschool, de Berk en Beukschool, de Bolder, de Carolusschool, de
Hamelinkschool, de Klavervier, de Meginhardschool, de Michielschool, de Mol-
dycke, de van Gilsschool, de Vonder, en de Willibrordusschool ontzettend bedankt.
Zonder jullie had het onderzoek geen gestalte kunnen krijgen.
Na de experimenten moesten de gegevens van de papier- en pen toetsen worden
ingevoerd in de computer. Bij dit monotone edoch nauwkeurigheid vereisende
werk, hebben niet alleen de proefleiders hun beste beentje voorgezet, maar ook
Keeny van der Sluys. Keeny heeft niet alleen vele duizenden somnotaties ingevoerd,
maar ook de transcripties van de gesproken tekst uit het praatjes/plaatjes experi-
ment ingevoerd. Keeny, je wordt bedankt voor deze tijdrovende klussen, maar
bovendien ook voor de vele gezellige momenten bij de koffie of tussendoor bij de
dropvooraad.
Keeny en Ans de Wit, worden daarnaast nog bedankt voor hun ondersteuning
bij het verzenden van voorstellen voor de congressen van de AERA (American
Educational Research Association). Door jullie medewerking en ondersteuning lukte
het om de voorstellen voor de "deadline" de deur uit te krijgen. Monique Hermans
en John van den Bercken worden in dit verband bedankt voor het realiseren van
financiële ondersteuning door de vakgroep voor het congres in San Francisco en het
werkbezoek aan Pitsburgh.
In de slotfase, moeten de uitgewerkte gegevens worden gerapporteerd in het
manuscript. Tilly heeft ook hier een zeer belangrijk ondersteunende rol gehad. Je
hebt heel wat versies van de diverse hoofdstukken onder ogen gehad en gecorri-
geerd. Daarnaast heb je samen met Hanneke Wentink heel wat gezucht en gesteun
van mijn kant moeten verwerken, omdat de dingen niet altijd liepen zoals ik me dat
had voorgesteld. Bij de thee of met de lunch heb ik menig gezellig uurtje met jullie
door kunnen brengen om even bij te tanken en weer op adem te komen.
Ludo Verhoeven kwam in deze fase als kersverse promotor in zicht. Samen met
Ernest heb je waardevolle adviezen geformuleerd. Jullie ondersteuning was m.i.
complementair. Ernest bood domein inhoudelijk vooral veel ondersteuning en Ludo
hielp bij de structurering en de “presentatietechniek”.
De leden van de leescommissie Robert-Jan Simons, Lieven Verschaffel en
Meindert Beishuizen worden bedankt voor de tijd die ze vrij hebben gemaakt,
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ondanks zeer drukke werkzaamheden, voor het beoordelen van het manuscript en
hun opbouwende kritiek. 
De scriptiestudenten Hilde Veenstra, Sigrid Wiersma en Monique Severijnen
zorgden ervoor dat mijn gedachten over het het gebied van redactiereken scherper
geformuleerd werden. Bovendien hebben jullie door je inzet en toewijding mij een
hele plezierige tijd als scriptiebegeleider bezorgd.
Tekenen is nooit mijn sterkste kant geweest. De ideeën waren er wel, maar de
uitvoering was nooit een succes. Daarom wil ik Jorieke Rutgers en Lisette Irving heel
erg bedanken voor de tekeningen op het titelblad en in het eerste hoofdstuk.
Het leven van een onderzoeker vindt niet in een vacuüm plaats. Zonder het
vertrouwen en ondersteuning van de sociale omgeving kan de energie niet worden
gevonden voor de realisatie van een promotie. In dit verband wil ik mijn moeder
eren, die helaas niet meer bij de promotieplechtigheid aanwezig mag zijn, voor haar
grenzeloze vertrouwen in mijn mogelijkheden. Daarnaast worden alle familieleden,
vrienden en kennissen bedankt voor hun steun tijdens het project. Door het grote
aantal kan ik onmogelijk een ieder met naam en met naam en toenaam noemen. De
buren, Hub, Tiny, Sjuul, Linde, John, Lisette, Boy en Eveline, Netty en Jozef worden
bedankt voor de gezellige uurtjes in en rond de tuin. Jullie aanwezigheid zorgde
voor de soms zo broodnodige stressreductie. Met Han van Wijk wordt kon ik
energie en overtollige agressie kwijt op de squashbaan. De poezen, Krummel en
Pluis zorgden door hun tevreden gespin, en soms door hun klagelijk gejammer rond
het etensuur, dat ik me realiseerde dat er meer in het leven is dan promoveren
alleen. Ten slotte wil ik Margreet bedanken. Margreet, je bent mijn steun en toever-
laat, mijn rots in de branding en mijn alter ego. Door jouw toedoen ben ik op latere
leeftijd mijn studie psychologie begonnen en heb ik die met succes voltooid. In tijden
van ziekte heb je me troost, steun en hoop geboden. Margreet bedankt!
ix
Berend Stellingwerf
Table of contents
Voorwoord vi
1. Arithmetic word problem solving: Focus on learning and instruction 1
2. The present study: CATS for children with arithmetic learning problems 33
3. Structure in teaching arithmetic word problem solving to children with
learning problems 45
4. Cartoons and rewording in arithmetic word problem solving 75
5. Semantic and non-semantic features in arithmetic word problem solving 95
6. Objects and number sentences in arithmetic word problem solving 111
7. Conclusions and implications 129
Summary 137
Samenvatting 140
References 145
x
Berend Stellingwerf
Arithmetic word problem solving: Focus on learning and instruction
Introduction
This thesis deals with the question how children from special education can be
optimally trained in arithmetic word problem solving. Research on arithmetic word
problem solving addresses several interrelated topics, ranging from the structure
and complexity of word problems, the organization of the solution process, to the
implications for instruction. Improving (word) problem solving performance may be
achieved by changing the learner, changing the learning materials or by changing
the (whole) learning situation (Brown, Bransford, Ferrara, & Campione, 1984). These
approaches are not mutually exclusive, but reflect different levels of intervention.
The current debate on cognitivistic vs. constructivistic approaches to learning and
instruction mirrors these levels of intervention. This topic will be addressed in the
first part of this chapter. 
 In the second part the benefits of the personal computer, a relatively new tool
for education and educational research, will be discussed. The possibilities of com-
puters to adapt the curriculum to the specific needs of children in special education
will be highlighted. Moreover, the question is raised how an effective architecture of
computer aided tutoring systems can be built up. This question is related to the
amount of effort needed to implement the didactical principles in the machine. Ergo-
nomics and user friendliness of the design are important aspects of man machine in-
teractions. Whenever the learning of domain specific knowledge, such as arithmetic
word problem solving, requires a lot of effort from the student, it is obvious that
transparency of the user interface is an essential feature of the program. 
In the final part of this chapter theoretical claims and previous research on
arithmetic word problem solving will be reviewed. An attempt will be made to
present an overview of current perspectives on the classification of word problems,
the strategies used in word problem solving, word problem solving models, and
instruction on word problem solving.
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Theories on learning and instruction in (mathematics) education
The current debate between cognitivistic and constructivistic approaches to
learning and instruction may be seen as a debate concentrating on different levels of
intervention. The information processing approach to learning and instruction
traditionally has focused on changing the learning materials, whereas the con-
structivistic approach stresses the importance of changing the learning situation. In
our opinion this debate reflects a focus on micro- vs. macro levels of learning and
instruction. Knowledge of each level of intervention is necessary for the improve-
ment of education in general. The constructivistic approach has stressed, for in-
stance, the use of contexts in instruction on arithmetic. These contexts may range
from pictures to animations to the embedding of the problem into a story. Further-
more, a constructivistic method presumes interactive education with the entire
group and it was found that precisely from group assignments the weaker pupils in
arithmetic often pick up too little information (Van Luit, 1994a,b). The information
processing approach to learning and instruction offers knowledge about deficits in
solution processes, and provides descriptions of structural difficulties given a
specific task. Therefore, we will consider the educational philosophy and implica-
tions of both approaches in more detail in the next sections, starting with the
information processing approach.
The information processing approach
Modern cognitive psychology has its roots in three closely related scientific
research traditions. The first tradition is the information processing approach, which
grew out of human-factors work and information theory (cf. Anderson, 1980).
Human factors refers to research on human skills and performance. Information
theory is part of communication science. It provides an abstract formal way of
analyzing the processing of knowledge. Developments in computer science and
industry triggered research on artificial intelligence (AI), which is the second
tradition, with Newell and Simon (1972) as the best known proponents of this
approach. The AI-approach has provided cognitive psychology with a host of
concepts and metaphors for understanding human behavior. The third tradition is
the field of linguistics. Chomsky’s transformational grammar (1957, 1965, 1975) as a
linguistic theory of the relation between syntax, semantics and phonology heavily
influenced thinking on language and language development.
2
Arithmetic word problem solving
For a long time, the information processing approach has been the dominant
viewpoint of cognitive psychology. One of the keywords in this approach is the
formal description of the problem structure and the problem solving process. Formal
description requires a definition of the problem space, rules about states and state
transitions in the solution process. By designing production systems, the cognitive
psychologist tries to simulate various aspects of the problem solving process.
Decomposition and decontextualization are used in order to reach this goal and to
get a better understanding of the underlying cognitive processes. 
Theories on problem solving and formal theories on developmental psychology
have several things in common. Both kinds of theories need to specify and describe
their postulated states1, the transition rules or operators for moving from one state to
another, the empirical applicability of the theory and the empirical mapping rules,
i.e., the set of rules that regulate the relationship between the theory and the world
of observation (see Van Geert, 1983). Problem solving states are situated in a
problem space. In a closed system it is possible to deduct all states by decomposing
and decontextualizing the problem. Problem space and the transition rules make the
problem solving or developmental model comparable with a finite state automaton.
The concept of a finite state automaton stems from systems theory and cybernetics
(Van Geert, 1983). An example of such a system is presented in figure 1.1 for the
“Tower of Hanoi” problem with three disks. The problem solving states are defined
by the various configurations of disks and pegs. The goal of this problem is to move
all the disks from the start peg to the finish peg. Only one disk may be moved at a
time, and one cannot place a larger disk on top of a smaller disk. The transition rules
for the problem space are defined by operators (Anderson, 1980, 1993). An operator
defines which operations can be used to produce new states, e.g., by moving the
smallest disk to the second or to the third peg in the initial state. As is shown in
figure 1.1 several (in)correct states and corresponding solution paths can be accessed
dynamically by the problem solver. In order to solve the problem, the student has to
reduce the difference between the initial state and the end state by traversing
through intermediate states. Two key features are often observed in this human
problem solving process: difference reduction which refers to the tendency to select
1 Developmental states do not need to have a stage-like character such as in Piaget’s theory. In a
continuous developmental process the states can be defined as points on a continuum (cf. Van Geert,
1983).
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operators that produce states more similar to the end state and subgoaling (Anderson,
1980, 1993).
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Figure 1.1: Problem space for the three disk Tower of Hanoi problem.
 In the initial state of the tower of Hanoi problem, the largest disk is not
placed on the third peg. Therefore, a subgoal may be set to eliminate this difference
first. By using difference reduction and subgoaling properly, the shortest solution
path to the desired state is found (i.e., in figure 1.1 the right branch). However, the
concept of problem space allows for alternative solution paths and incorrect steps
and solutions.
From the information processing point of view people are seen as entities that
take in, process, and report information. The processing of information can be
modeled or described by a collection of rules (productions, or condition-action pairs)
which are embedded in a production system. In the information processing ap-
proach, production systems are used in simulating human problem solving be-
havior. The simulation process is subsequently related to the problem solving proces-
ses of experts and novices in the specific domain. Comparison of the model with the
performance of the students offers insight in the empirical applicability of the
theory. The CHIPS model (Concrete Humanlike Inferential Problem Solver) of Briars
and Larkin (1984) is an example of such a production system used to simulate the
solving of simple arithmetic word problems. Production systems have two parts, a
working memory and an unordered list of productions. The elements in the working
memory may be seen as the elements of the problem the system is attending to. New
elements enter as a result of information input or an action of a production, whereas
old elements leave as a result of the limited capacity of the working memory. The
following example represents the simplified production to generate the initial step in
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writing a number sentence to a simple arithmetic word problem like “Margaret had 2
cats. She got 3 more cats. How many cats does she have now?”
if no numbers are written in the number sentence
then
if the word problem is a subtraction problem
then write the largest given number
else write the first given number
else ...
Productions like these regulate the state transitions in the problem space during
the problem solving process. By adding or deleting productions in the system and
comparing the outcome with the achievement of human students, insight is gained
in the question which knowledge elements are responsible for expert and student
behavior. The protocol or record of steps in the solution process offers understand-
ing of the conceptions and misconceptions of a student given a particular problem.
This knowledge about the student’s performance may help the tutor in providing
feedback and designing the curriculum for the students. 
The constructivistic approach
Whereas the information processing approach has dominated the field of re-
search in education until the end of the eighties, a new research approach has emerg-
ed in the early nineties: the constructivistic approach. 
One of the most important aspects the constructivistic approach stresses, is the
notion that learning is an active construction process which takes place in a social
context. The learning process is based on an active process of linking new infor-
mation to previous information. The notion of activity of the individual stems from
Marxist-oriented approaches to learning and has strongly been advocated by
Vygotski (1978) and others. Since each person’s history is unique and therefore
everybody has a different configuration of knowledge elements, it is not possible to
transfer the active linking process from one person to another. The following notions
constitute the core of the constructivistic approach (e.g., Brown, Collins & Duguid,
1989, Duffy & Jonassen, 1991, Simons, 1992). First, people are intrinsically motivated
to search for information. Understanding is more than consuming subject matter, it
goes beyond the information given. People attach structure to, organize, and
generalize from, the stream of information. Mental representations change during
the development of the individual through experience or maturation. Understanding
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is progressive, which means that there is a continuing process of elaboration and
refinement of notions and concepts going on. The amount of support that students
need in the learning process varies with age. Reflection and reconstruction stimulate
learning. People have the power to correct themselves along with the internalization
of feedback from others. Finally, by reflection meta-cognitive notions are created,
concerning the goals of learning, kinds of learning tasks to be performed, solution
strategies to use, the perceived competence and so on.
Constructivism provides an alternative epistemological base to the information
processing approach. In the previous section we saw that the information processing
approach sees the problem solving process as completely and correctly structured in
terms of entities, properties, and relations (Duffy & Jonassen, 1991). Constructivism,
shares this view with the information processing approach. However, it is argued
that meaning is imposed on the world by the student, rather than existing in the
world independently of the student. Meaning is rooted in, and indexed by, experien-
ce (Brown, Collins & Duguid, 1989). Each experience with an idea - and the environ-
ment of which that idea is a part - becomes part of the meaning of that idea. That
experience must be examined to understand the learning taking place. From the
constructivistic approach it is often argued that the experience with concepts and
relations in school typically is quite different from the experience with them in the
real world. Mathematics, for instance, is often taught without any relationship to real
world problems. This is seen as a major factor in the failure of transfer from school-
ing to real world problems (Resnick, 1987; Brown, Collins & Duguid, 1989).
Comparison
Whereas in the information processing approach problem solving, student
modeling and conceptual knowledge are important research topics, in the constructi-
vistic approach the active construction of knowledge in a social context is stressed.
In a way these topics reflect the research questions in the field of arithmetic word
problem solving, each approach with different accents. Constructivism heavily
focuses on the question “How to teach arithmetic” whereas in the information pro-
cessing approach the accent is on “How are arithmetic word problems solved”. The
nature of these questions reflects a pedagogical and a psychological starting point.
Constructivist scientists argue that deep modeling of behavior is not necessary for
learning, because knowledge is socially constructed. From the perspective of the
information processing approach it is argued that we have to study novice behavior,
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expert behavior and domain specific conceptual characteristics first, before building
an adequate learning environment.
Furthermore, dependent on the domain of learning, algorithmic vs. heuristic
approaches may be advocated. Spelling and writing are examples of subject matter
that are taught effectively with algorithmic procedures. Domains such as comprehen-
sive reading may be taught more effectively by using heuristic methods such as
collaborative learning and peer tutoring.
Anderson, Reder and Simon (1996) show that some central claims of the
constructivistic approach with respect to education are overstated and that educa-
tional implications derived from these claims are misguided. Anderson et al. do
agree that contextualization of problem solving may be beneficial, but argue that the
claim of action being grounded in the situation in which it occurs is exaggerated, if it
is asserted that all knowledge is specific to the situation and that general knowledge
cannot be transferred to real-world situations. The second claim of the constructivis-
tic approach that “Knowledge does not transfer between tasks” is rejected by Ander-
son et al. on the basis of an extensive body of empirical work showing that this claim
is unjustified. The authors argue that transfer between tasks is a function of the
degree to which the tasks share common cognitive elements. The amount of transfer
is also dependent on representation, degree of practice and the direction of attention
during the learning process. The third claim that training by abstraction is of little
use is unjustified, since in most powerful learning environments abstract instruction
is combined with concrete examples. Furthermore, it is argued that in case abstract
instruction is not useful in real-world situations there is a mismatch between instruct-
ion and practice. The final claim that Anderson et al. discuss is that instruction needs
to take place in complex, social environments. This notion fails to acknowledge that
not all group learning is productive or necessary to master certain skills. Collabora-
tive learning must be structured with incentives that motivate cooperation and a
sharing of the goal structure. In some dynamic group processes students complain
that some children do all the work, while others just sit and relax. Besides, some
tasks need individual mastering of a skill. Imagine a school of motoring where 3 or 4
students learn to drive a car together in one car. On the other hand, learning how to
drive a car without other traffic being around predicts a lot of traffic accidents.
In the next section we will pay attention to the design and rationale of computer
aided tutoring systems (for children with learning problems) in the perspective of
the foregoing debate.
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CATS: Computer Aided Tutoring Systems2
Views on computer aided instruction
Since the early sixties the computer is seen as a promising educational tool. A
number of possible advantages of computer assisted instruction have been put
forward (Van Lieshout & Anbeek, 1986; Wenger, 1987; Polson & Richardson, 1988;
Reitsma, 1990). First, CATS have the possibility to adapt the curriculum to the
specific needs of the student. Especially in special education this feature offers the
opportunity to adapt the program to child characteristics and specific instructional
needs. A second advantage is the fact that the child can practice on its own without
external help. A third important advantage is interactivity. The tutoring system is
able to respond immediately to actions, errors and questions of the child. Further-
more, computer programs can keep the child concentrated on the task. This is very
useful for children with attention deficit disorders. Finally, in special education,
where students often have a rich history of failure experiences, the tutoring system
provides the opportunity to present less emotionally charged feedback (Mojet, 1984).
Despite the fact that the computer is often seen as a useful tool and offers several
actual or perceived advantages in education, it is unclear what the best design of a
computer aided tutoring system is. Several different reasons for this state of affairs
can be put forward. First, the computer science and industry itself are relatively
young. Ongoing technological innovations almost every year offer new perspectives
for the design of CATS, e.g., at the end of the previous decade the use of spoken
words was hardly used in computers. At this moment almost every personal
computer has a sound chip and is capable of producing synthesized speech or to
play recorded sentences. This rapid change of the scenery is also responsible for the
fact that the equipment a school acquires is already out of date at the moment at
which it is installed. Second, the debate about how the instructional process has to be
organized is still going on. Finally, because of the rapidly changing scene, a lot of
2 Several acronyms have been suggested for computer aided tutoring systems, ranging from CAI
(computer aided instruction) to ITS (Intelligent Tutoring System). Every ITS is CAI, but not every CAI
is ITS. We prefer the acronym CATS because the systems described in this chapter are not all
intelligent systems. Furthermore, the acronym CATS has a wider connotation then CAI, because it
also refers to the macro and microsystem i.e., the microsystem refers to the computer and the student,
whereas the macrosystem refers to computer aided tutoring in the wider setting of the classroom.
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tutoring systems for children from special education have not been thoroughly
empirically tested (Reitsma, 1990).
learning 
environment
student
model
expert tutor
real world
computer
 system
interface
student
Figure 1.2: Computer aided tutoring system from an information processing
point of view. (Drawing made by Lisette Irving)
Several approaches to the design of computer aided tutorial systems have been
proposed. Lajoie and Derry (1993) made a distinction between two imaginary
leagues of scientists: modelers and non-modelers. The main difference between the
two groups lays in the pedagogical principles they endorse. The first group, with
John Anderson from Carnegie-Mellon as an important exponent, sees tutorial
systems primarily as Intelligent Tutoring Systems (ITS). In the ITS-approach expert
and novice’s knowledge is modeled in the system, preferably by using artificial
intelligence (AI) techniques. The task of this type of program is therefore to teach
expert behavior to the novice. The second group of scientists, the non-modelers, see
learning as a social activity in which the computer serves as an educational tool. The
learning is seen in Vygotskian terms as construction and exploration in the zone of
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proximal development. According to Lajoie and Derry, most scientists are situated
somewhere between these leagues using elements of both worlds. In the next section
we will take a closer look at both points of view. It is beyond the scope of this thesis
to go into full detail. Therefore, only the main issues will be addressed. For further
reading on these topics, we refer to some outstanding books on computer based
tutoring by Wenger (1987), Polson and Richardson (1988) and Lajoie and Derry
(1993).
The classical ITS-approach
Intelligent tutoring systems (ITS) are tools for the transfer of domain specific
knowledge in the educational process. Therefore, a specific intelligent tutoring
system has to deal with problem solving behavior and knowledge of novices and
experts about subject matter presented in the classroom or in remedial teaching.
Intelligent tutoring systems contain at least the following modules: the expert
module, the student model and the tutor module (see figure 1.2). Channeling infor-
mation between these modules and the student is performed by the instructional en-
vironment and the human interface (Burns and Capps, 1988).
The expert module
The expert module contains the domain knowledge of the ITS. Depending on the
complexity of the subject matter, the architecture of the expert module may vary
from system to system. It is obvious that a system in which the principles of simple
one step addition and subtraction problems have to be taught is less complex than a
system in which the principles of nonlinear dynamics have to be taught. Anderson
(1988) distinguishes three types of expert modules in order of increasing complexity:
black box models, glass box models and cognitive models. According to Anderson
there is a tradeoff between the pedagogical effectiveness of an expert module and
the effort of constructing it. Black box models are easier to construct, but are less
effective than glass box models and cognitive models. Black box models are
characterized by the encoding of knowledge without actually codifying the under-
lying human intelligence. Anderson (1988) and Burns and Capps (1988) argue that
"black box" expert systems are not suitable for instruction because of the simplicity
of their input-output connection. In the glass box model approach experts in a cer-
tain domain are interviewed. Subsequently, the knowledge engineer designs a com-
putational representation of this knowledge, which is very often a rule-based forma-
lism. Therefore, the implementation of the reasoning process does not necessarily
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have to correspond to the human reasoning process. Because of this constraint the
system is often not capable of explaining the (correct) solution process, but is able to
identify the errors made by the student. The cognitive model approach for encoding
the domain knowledge simulates not only the knowledge but also the way a human
uses that knowledge. Cognitive modeling is seen by the followers of classical ITS as
the most promising method for the design and development of intelligent tutoring
systems. Since cognitive modeling requires realistic knowledge of the human pro-
blem solving process several research questions have to be answered in the (near)
future. First, which psychological components are essential for tutoring? Second, at
what level should they be represented? Finally, how should the different types of
knowledge - procedural, declarative and qualitative - be treated and how are they
interrelated? It is beyond the scope of this thesis to try to answer these questions,
since the tutorial programs developed for this project have expert modules which
can be characterized as glass box models. In the next chapter we will provide a
description of the architecture and design of our tutorial systems, but first we will
take a closer look at the student model.
The student model
One of the tasks of a tutoring system is to infer a model of the student’s current
understanding of the subject matter and then use that understanding to adapt the
instruction to the student’s particular needs. The knowledge structure that depicts
the student’s current state is called the student model. Output from student diagnos-
tic modules can be used for a variety of purposes, such as advancing through the
curriculum, coaching or offering advice, and generating new problems (VanLehn,
1988). VanLehn distinguishes three dimensions of the student model (1) the band-
width of available knowledge about the student, i.e., how much access does the
system have to the learner’s mental state, (2) the types of knowledge, procedural
and/or declarative, to be learned, and (3) the assessment of differences between
students and experts. Is the student’s knowledge a subset of the expert’s or is it
different?
The design of the student module requires investigation of a wide range of
issues. How much detail is needed in describing the student’s knowledge? What
models of learning can be designed as a superstructure for the diagnostic algo-
rithms? Do we need artificial intelligence techniques and, if so, how much do we
need for the design of a successful tutorial system?
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The tutor module
The tutor module has to control the curriculum of the learning process and the
instruction process. A distinction is made by Halff (1988) between the curriculum
and instruction function of the tutor module. The curriculum  is responsible for the
selection and sequencing of material to be presented to the student and the in-
struction part is responsible for the actual presentation of that material. Several
principles are offered by Halff for constructing the curriculum part of the tutor
module. The first principle is relatedness, i.e., priority must be given to concepts that
are closely related to the existing knowledge. The generality principle states that
subject matter has to be presented in a top down fashion. The principle of manage-
ability states that every exercise should be solvable and that every example has to be
comprehensible to students that completed previous parts of the curriculum.
Structural transparency means that the sequence of exercises and examples should
reflect the structure of the procedure being taught and should, thereby, help the
student to induce the target procedure. The final principle of individualization states
that exercises and examples should be chosen to fit the pattern of skills and weak-
nesses that characterize the student at the time the exercise or example is chosen.
The instructional part of the tutor module has to take care of the initial presen-
tation of the material and to respond to actions and questions of the student.
Furthermore, the conditions and content of the tutorial intervention has to be
covered.
The kind of presentation technique that is chosen depends on the instructional
objective. Elicitation and explanation help lead learners to understand facts and
concepts. Case presentations and simulated entrapment induce learners to formulate
rules and to understand relations. Exercises, drills, and examples allow learners to
generalize from subskills to the performance of the full task and, subsequently,
prepares the student for the real-life situation.
Responding to questions is an essential function of human tutors. Therefore, it
might be expected that automated tutors are also capable of performing this
function. Since most computer (aided tutorial) systems are not able to decode and
comprehend natural language this objective is seldom incorporated in the design of
the tutor module.
Tutorial intervention is needed to maintain control of the tutorial situation, to
protect the student from inappropriate or incorrect learning, and to keep the student
from paths that are not instructionally useful. There are two major approaches to
12
Arithmetic word problem solving
decisions about tutorial interventions: Model tracing and Issue-based tutoring.
Model tracing is the method that compares the solution path of the student with the
known solution of the expert. When the matching between these solution paths fails,
the tutor intervenes with advice in order to get the student back on the right track.
Issue-based tutoring calls for intervention only when the tutor can make a positive
identification of a particular occasion for intervention. As we will show later on, the
low- and medium structured treatment of the experiment described in chapter 3 uses
the issue-based intervention method, whereas the high structured treatment uses the
model tracing method.
The literature on ITS offers no uniform approach to the content of intervention.
However, the most obvious technique, directly correcting the solution step that
caused the intervention is seldom used. Feedback on this level would waste the
opportunity for the tutor to teach the student about the situation. The main focus of
the intervention is to get access to and change the underlying schema of the student.
Therefore, a more sophisticated form of feedback is required (Halff, 1988).
The instructional environment
An instructional environment consists of those elements of an ITS that support
what the learner is doing: situations, activities, and tools provided by the system to
facilitate learning. The activities and tools presented to the learner in an ITS always
reflect an underlying educational philosophy. The trend, as computers get faster and
as ITS researchers and educators become more creative and clever, is clearly to create
a more open, more robust, more fulfilling, and more effective educational experience
(Burton, 1988).
Among research considerations pertaining to instructional environments are:
(a) levels of abstraction, (b) fidelity, (c) sequences, and (d) help routines. Level of
abstraction refers to what features of the real world are represented in the design of
the environment. Fidelity refers to how closely the simulated environment matches
the real world. Important here are considerations of the different types of fidelity; for
example, physical fidelity, display fidelity, mechanical fidelity and cognitive fidelity.
Sequences refer to the framework a designer constructs for teaching complex skills.
A learner progresses through a sequence of increasingly complex microworlds, each
providing new challenges and new sets of achievable goals. By means of help
routines, the designer takes into account additional information learners may need
for operating the ITS. But there are different degrees of help. For example, help can
tell a learner what to do. Assistance or active help actually does the task for the user.
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In addition to help and active assistance there are empowering tools, reactive help
systems, modeling, and finally - tutoring itself.
The human interface
The learner working with an ITS generally has two problems. First, the learner
must learn some subject matter that he or she may not understand. Why else would
an ITS be used? The other problem is that the learner must use the technology itself
in order to learn and (s)he is very likely not an expert user (Miller, 1988). If the
human-computer interaction is poorly designed, a training session will probably be
ineffective. Simply put, if the learner has to spend significant intellectual energy to
use the computer, then the learner has less intellectual and emotional energy for
learning what is actually being taught.
The goal of interface design, therefore, is to make the interface transparent.
According to Miller (1988) human-computer interaction can be seen as a communi-
cation problem. Therefore, the design of the human interface needs to have a solid
conceptual model of the semantic and contextual processes involved in communi-
cation. The knowledge embedded in this component of an ITS evolves from know-
ledge of previous computer systems, from human interface research, from the real
world objects that are being imitated in the computer system, and from knowledge
of the entire range of the communication process (i.e., perceiving, understanding,
and creating meaning).
There are two basic styles of design: First-person interfaces, or direct manipula-
tion interfaces and command-line based interfaces. The first allows users to become
direct participants in the domain; the second allows them to control the domain by
instructing the system to carry out desired actions. First-person interfaces are
represented by the icons of the Apple Macintosh™ and the Microsoft Windows™
environment. The soul of these interfaces is the icon, where manipulation of these
icons is intended to map directly to a desired outcome. Bit-mapped displays and the
mouse, a pointing and selecting device, are characteristic for these interfaces. One of
the advantages of iconic interaction is that learners do not have to remember names
of documents, commands, and so forth, because all of this information is intrinsically
part of the icon data structure. The strength of the first-person interface is its self-
evident properties. In the second-person interface, an ITS user enters instructions on
a commandline into the system. Command languages are fairly well understood and
can powerfully interact with a system, but are on the verge of extinction for end
users in computerland.
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Finally, although many of the interface technologies could help integrate the
separate ITS modules, developers must still suit the content to the interface and the
interface to the content. If the interface is overdone and calls attention to itself, then
the communication between the student and the instructional system will be
impaired.
CATS in the constructivist point of view
Some educational scientists like Reusser (1993), Scardamalia, Bereiter, McLean,
Swallow and Woodruff (1989), see learning as active construction activity of the
child. These actors object to the central notion of "intelligent tutoring systems", that a
computer functions as an intelligent, dynamically adaptive substitute for a human
teacher, who is capable of performing sensitive cognitive diagnoses based on a
student model, cognitive states and overt behavior of the student. They argue that
there are good reasons to be skeptical about the feasibility and, in part, even the
desirability of intelligent systems based on full system control and deep student
modeling. Intelligent tutoring, in which a machine tailors its instruction to an indivi-
dual student on the basis of an inferred, constantly updated, fine-grained mental
model, may be seen as a long-term goal. But given the current state of the art,
machine-tutoring based on cognitive simulation of the student is not possible across
a full range of open-ended tasks and domains, where fuzzy language and qualitative
world-knowledge based reasoning are required. This is especially true with regard
to error modeling. Deep modeling of procedural bugs is computationally intractable
for complex problem domains, and it is not required for effective cognitive appren-
ticeship. Scardamalia et al. (1989) even question how useful highly intelligent
systems would be. They argue that these systems may also be heading in the wrong
direction. For it is not the computer that should be doing the diagnosing, the goal-
setting and the planning, it is the student. The computer environment should not
provide the knowledge and intelligence to guide learning, it should create the
facilitating structure and tools that enable students to make maximum use of their
own intelligence and knowledge.
The primary concern in designing computer-based educational systems must,
therefore, not focus on a dazzling new technology, nor on romantically unrealistic
goals and expectations such as replacing teachers, textbooks, or even the physical
and social learning activities of students through learner-machine interactions. The
main object in the design of computer aided tutoring systems has to be the function-
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al connection between a (partly normative) pedagogical and didactical philosophy
(Reusser, 1993). The design must take into account the proper use and integration of
the system into the comprehensive range of learning and teaching activities that take
place in the classroom. From this starting point Reusser formulates eight principles
for designing computer-based cognitive tools for learning and problem solving.
The first principle states that the design and use of computer-based tools must
be pedagogically driven, that is, CATS must be seen as cognitive instructional tools
for teachers and learners in a culture of problem solving. In order to meet this
principle four considerations should govern the design of machine supported
instructional contexts: (a) what is a cognitive and instructionally efficient model of
the task or domain the system is designed for, (b) which conception of the general
and content-specific learning processes is associated with the domain, (c) what is the
domain-appropriate teaching concept: e.g., explicit instruction vs. discovery learn-
ing, and (d) what is the nature of the learner: active or receptive. 
The second principle states that CATS should: “Extend and empower the minds
of intentional learners”. In other words: computer environments should be seen as
catalyzing tools for intelligent, volitional and virtually autonomous problem solvers.
The systems should provide stimulating and facilitating structures in order to pro-
mote meaningful construction activities, such as planning, representation, and reflect-
ion. Such a view of computers can be situated within the epistemological and
didactic framework of models and metaphors currently being discussed in applied
metacognitive research. These include, for example, the Vygotskian-inspired models
of coaching and scaffolding (Brown & Palincsar, 1989), of cognitive apprenticeship
(Collins, Brown, & Newman, 1989), of procedural facilitation (Scardamalia et al.,
1989), or, more generally, of autonomous and self-directed learning and problem sol-
ving (Bruner, 1986). This principle is aiming at changing the learning environment
and accordingly how the computer aided tutoring has to be adapted to this environ-
ment.
Provide learners with some guidance according to the "principle of minimal
help" is the third principle. Ideally, a tutoring system would leave it to the student,
to use or seek only as much help or feedback from the system as he needs. If tutorial
action appropriate for an individual learner is called for, cognitive modeling, how-
ever, is not the only way to determine its quality. An alternative basis for characteriz-
ing students’ errors and making tutorial decisions can be established through a dif-
ferent form of behavioral diagnosis (cf. Wenger, 1987). It requires a careful con-
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ceptual analysis or decomposition of the knowledge or skill to be taught. The tutor
should know mature (expert) and less mature models of the processes and represen-
tations to be taught. Feedback during problem-solving, for example, on errors, can
be based on a conceptual analysis of the solution space. This makes it possible to
determine when and how the observed knowledge-construction activity of a
particular student deviates from a predetermined set of solution paths. Thus,
mapping overt student performance onto powerful representations of a task can lead
to effective guidance without assessing student thinking on a moment-to-moment
basis. Another type of feedback is used by Nathan, Kintsch, and Young (1992), in
their tutoring of distance-rate problems. The student can run an animation on the
basis of his or her perceived problem model, enabling him or her to judge its
correctness on his or her own. Decomposition, student models and solution space
are elements that have their origin in the information processing approach and are
therefore examples of elements that fit in both approaches on learning and instruct-
ion.
Principle four states that CATS must foster the students own construction and
externalization of their mental models. According to this principle, CATS should be
less oriented towards memorization and drill-and-practice but, instead, towards
fostering meaningful construction activities, such as understanding, problem sol-
ving, planning and reflection. However, from the information processing point of
view memorization and drill-and-practice are not pursued, since the goal of
instruction is to make novices experts by eliminating conceptual deficits.
Provide students with intelligible and effective representational tools of thought
and communication (principle 5). Efficient conceptual representation of content is a
key problem for both learning and teaching. Appropriate representational formats of
domains and tasks, including tree structures, coordinate graphs, diagrams, data
tables, conceptual networks, symbol systems (alphanumeric, algebraic ...), and
scientific notations, are indispensable tools not only for thinking, problem solving,
and reasoning, but also for the communication of knowledge. Tutors and textbooks
should provide students, as an important target of instruction, with cognitively
plausible operative, iconic, and symbolic systems of representation rooted in a deep
semantic understanding of the domain. Rich contexts are clearly a notion of the con-
structivistic approach, but a computer aided tutoring system may be equipped with
these richer representations as well.
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The sixth principle states that the use of comprehension-related strategies has to
be promoted. Together with representational formats, general and domain-specific
strategies are the cognitive tools of thinking and problem solving. Procedural
assistance should be provided complementary to providing facilitating representa-
tional entities and formats. Advice with respect to planning, reflecting, goalsetting,
searching for alternative solution paths, or monitoring one’s own performance, is
easy to provide for computers. However, sensitive task-specific help is a far more
difficult problem. Assistance beyond simply providing solutions via "informed
feedback" (Wenger, 1987), can only go as far as it is possible to formalize the
semantics of a domain. And, as a corollary to this, it will be successful only in so far
as cognitive or behavioral diagnoses are feasible.
The system has to encourage reflective and self-directed learning (Principle 7).
Pedagogically designed computer environments, which at the same time enable and
force students to uncover and reify their knowledge-building activities, provide a
motivating and powerful medium for self-paced reviewing, discussing, and reflect-
ing upon one’s own thought processes. In this respect the computer may be seen as a
tool for learning through reflection. This refers to the unique power of the computer
system to keep track of the actions used to carry out a task, to display thinking paths,
and to allow students to focus and reflect on the why’s and how’s of their own
problem solving - all at their individual pace and according to their own direction.
Giving students opportunities to monitor on-line the visually displayed traces of
their planning and thought processes, including alternative routes, may eventually
lead to an overall reflectivity characteristic of expert learners and problem solvers.
The sixth and seventh principle may apply to computer aided tutoring systems
design in the ITS-tradition as well. 
The final principle that Reusser points to, is the principle of collaborative
learning. The principle states: Extend the use of computer-based instructional tools
into a supportive classroom culture of collaborative learning. Intelligence should not
be seen as a property of the mind alone but rather as a quality that is distributed
among the components of learning systems and the social-cognitive environments in
which they are embedded (Bruner, 1986; Reusser 1993). A significant part of learning
occurs in interaction with more knowledgeable and skilled, significant others
(Vygotsky, 1978). Therefore, Reusser argues that it is unlikely that in the near future
computers will become sensitive coaches and critics. However, as components that
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help foster cooperative learning, they can play an important role in classroom
learning where collaborative work is supported.
Review of research on arithmetic word problem solving
Several studies in the seventies have considered surface characteristics of word
problems as potential determinants influencing problem difficulty. Examples are
task specific factors such as keywords (e.g., Jerman & Rees, 1972; Nesher & Teubal,
1975), mathematical structure (e.g., Loftus & Suppes, 1972; Nesher, 1976), irrelevant
information (e.g., Goodstein, Cawley, Gordon & Helfgott, 1971), order of mention
(e.g., Rosenthal & Resnick, 1974), problem length (e.g., Loftus & Suppes, 1972) and
object use (e.g., Ibarra & Lindvall, 1982; Carpenter, Hiebert & Moser, 1981). It was
shown that a substantial part of the variance in problem difficulty is caused by these
factors. Let us consider, for example, the following two subtraction word problems.
problem 1: Mary had 8 dolls. Mary gave 5 dolls to James. How many dolls does
Mary have left?
problem 2: Mary had 5 dolls. James gave Mary some more dolls. Now Mary has 8
dolls. How many dolls did Mary get?
Both problems may be solved by subtracting five from eight, or in formal mathe-
matical form 8 - 5 = •. However, this is the direct canonical form of the numerical
equation. The numerical equation in concordance with the semantic structure of the
second problem may be written as 5 + • = 8. The type of mathematical number
sentence, representing the relations between quantities in the problem, has been
related to problem difficulty (Lindvall & Ibarra, 1980; Rosenthal & Resnick, 1974).
Problems represented by a non-canonical form (• –  a = b or a –  • = b) are more
difficult than problems represented by a canonical number sentence (a –  b = •).
Rosenthal and Resnick provided a model to account for these differences in difficul-
ty. The model focused on the process of translating the problem text into an equa-
tion, where difficulty level was predicted as a function of the number and kind of
transformations required to translate the equation into the canonical form of the
formal mathematical equation. Thus, the second problem is more difficult than the
first problem, because of the mathematical transformation from 5 + • = 8 to 8 - 5 = •.
The assumption, however, is that the children are not familiar with open and closed
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number sentences. This research mainly focused on surface characteristics of the
word problems. Later research, however, was directed towards creating a better
understanding of the conceptual complexity of word problems and the (procedural)
knowledge needed to solve these problems. Research on word problem solving after
1978 was strongly influenced by the information processing approach to cognitive
psychology. In the next section we will present the features of the semantic classifica-
tion scheme of simple one step arithmetic word problems as described by Heller and
Greeno (1978) and Riley, Greeno & Heller (1983).
Classification of word problems
The classification scheme for word problems of Riley, Greeno and Heller (1983)
is based on two assumptions of the information processing approach. First, word
problems which are solvable by using the same arithmetic operation, can be
described as distinct networks of concepts and relationships underlying the pro-
blems. Second, constructing an appropriate internal representation of such a
conceptual network is a crucial aspect of expertise in word problem solving (cf. De
Corte & Verschaffel, 1991). On these assumptions, Riley et al. distinguished three
main categories of arithmetic word problems: Change, Combine, and C ompare.
Equalize problems are defined by some authors as the fourth major category
(Carpenter, Hiebert & Moser, 1981, 1983; Carpenter, Moser & Bebout, 1988). This
category of word problems is formed by combining features of the Change and Com-
pare problems. The four categories are situated along two major dimensions: the
action-cued dimension (static vs. dynamic) and the comparison dimension (compari-
son vs. non-comparison).
• Change problems describe a dynamical change of quantities due to an event or
action, e.g., “Eric had 5 books on mathematics education. Lieven gave him 3 more
books on this topic. How many studies on mathematics education has Eric now?”
• Combine problems describe a static situation of two distinct quantities consider-
ed either separately or in combination, e.g., “Ernie had 5 books on word problem
solving. Bert had 3 books on this topic. How many books on word problem solving
do they have together?”
• Compare problems describe a static situation in which two sets have to be
compared and the difference has to be calculated, e.g., “Monique had written 8
papers on motivation. Maggie had written 3 papers on motivation. How many more
papers did Monique write on this topic?”
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• Equalize problems describe a situation in which two sets have to be compared
and in which a dynamical change has to eliminate the difference between the two
compared sets, e.g., “Arnold created 8 pages on the world wide web. Joan created 3
pages on the word wide web. How many more pages does Joan have to create, to
have as many pages on the world wide web as Arnold has?”
Each of the main categories can be subdivided into distinct subtypes by varying
the nature or position of the unknown quantity. Furthermore, the direction of the
action for the Change and Equalize problems may be an increase or a decrease. In the
Change problems the unknown quantity may be the start set, the change set or the
result set. The superset or a subset may be the unknown quantity in the Combine
problems. In the Compare and Equalize problems the difference set, a compared set
or the reference set may be unknown. In table 1.1 an overview is provided of word
problem types and corresponding examples. As can be seen from this table, some-
times a discrepancy exists between the semantical unknown and the mathematical
unknown. For example, whereas in the Change 1 word problem the unknown in the
mathematically part-whole scheme is a super set, created by addition of the given
numbers, the unknown in the Change 2 word problem corresponds to one of the
subsets in the mathematical scheme. However, from a semantical point of view in
both problems the unknown represents the result set. Although the classification
scheme of Riley et al. is originally based on a semantical task analysis, a vast amount
of research has validated the scheme (De Corte & Verschaffel, 1986, 1987a,b; De
Corte, Verschaffel & Pauwels, 1990; Van Lieshout, Jaspers & Landewé, 1994). Even
though all problems are solvable by addition or subtraction of the given numbers, it
is shown that the underlying semantic structure heavily influences problem diffi-
culty. Eye-movement research of De Corte & Verschaffel (1987b), De Corte, Ver-
schaffel and Pauwels (1990) provided evidence that semantic factors play a crucial
role in word problem solving. Problems with a complex semantic structure (Change
5 and 6) elicited significantly longer response times than more simple problems
(Change 1 and 2). Longer response times were caused by the fact that the children
spent significantly more time looking at the words.
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Strategies in word problem solving
Investigations concerning the errors and misconceptions in arithmetic word
problem solving indicate that the majority of incorrect answers are due to miscon-
ceptions instead of calculation errors (De Corte & Verschaffel, 1987a; Jaspers & van
Lieshout, 1991, 1994a). This raises the question which strategies children use in sol-
ving these problems. Three main levels of internalization of strategies in solving
word problems are distinguished: (a) material strategies based on a direct or external
representation of the problem text with physical objects such as fingers or icons on a
computer screen, (b) verbal strategies based on counting sequences and (c) mental
strategies based on recalled number facts (Carpenter & Moser, 1984; De Corte &
Verschaffel, 1987a; Verschaffel & De Corte, 1990; Jaspers, 1991).
Table 1.1: Examples of word problem types used in the present study
dynamic unknown
problem
type
example semantical mathematical
Change 1 Kim had 3 toys. Rob gave Kim 5 more toys. How many
toys does Kim have now?
end set super set
Change 2 Kim had 8 toys. Kim gave Rob 5 toys. How many toys
does Kim have left?
end set sub set
Change 3 Kim had 3 toys. Rob gave Kim some more toys. Now Kim
has 8 toys. How many toys did Kim get?
change set sub set
Change 4 Kim had 8 toys. Kim gave Rob some toys. Now Kim has 3
toys. How many toys did Kim give to Rob?
change set sub set
Change 5 Kim had some toys. Rob gave Kim 5 more toys. Now Kim
has 8 toys. How many toys did Kim have first?
start set sub set
Change 6 Kim had some toys. Kim gave Rob 5 toys. Now Kim has 3
toys. How many toys did Kim have first?
start set super set
Equalize 1 Kim has 3 toys. Rob has 8 toys. How many toys does Kim
need to get to have as many toys as Rob?
difference set sub set
Equalize 2 Kim has 8 toys. Rob has 3 toys. How many toys does Kim
need to get rid of to have as many toys as Rob?
difference set sub set
Equalize 3 Kim has 3 toys. At first Rob had as many toys as Kim.
Now Rob has 5 toys more than Kim. How many toys does
Rob have now?
compared set super set
Equalize 4 Kim has 8 toys. At first Rob had as many toys as Kim.
Now Rob has 5 toys less than Kim. How many toys does
Rob have now?
compared set sub set
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Furthermore, Verschaffel and De Corte make a distinction between strategies for
addition and subtraction problems within each level of internalization. Before elabo-
rating this topic, a definition of addition and subtraction problems is needed. We
will define addition problems as those problems that can be solved by directly add-
ing the given numbers in the word problem. This definition is needed because other-
wise some word problems might be considered as addition problems because of the
underlying semantic structure (e.g., Karen had 5 apples. Thomas gave Karen some more
apples. Now Karen has 8 apples. How many apples did Karen get from Thomas?). For
addition problems the child can start with the smallest given number (S-strategy) or
the largest given number (L-strategy). At least for problems in which the smaller
number is given first, L-strategies are more efficient at the verbal level. By starting
Table 1.1: continued.
static unknown
problem
type
example semantical mathematical
Combine 1 Kim has 3 toys. Rob has 5 toys. How many toys do Kim
and Rob have together?
super set super set
Combine 2 Together Kim and Rob have 8 toys. Kim has 3 toys. How
many toys does Rob have?
sub set sub set
Combine 3 Kim has 3 toys. Rob also has some toys. Together Kim and
Rob have 8 toys. How many toys does Rob have?
sub set sub set
Compare 1 Kim has 3 toys. Rob has 8 toys. How many more toys does
Rob have than Kim?
difference set sub set
Compare 2 Kim has 8 toys. Rob has 3 toys. How many less toys does
Rob have than Kim?
difference set sub set
Compare 3 Kim has 3 toys. Rob has 5 toys more than Kim. How many
toys does Rob have?
compared set super set
Compare 4 Kim has 8 toys. Rob has 5 toys less than Kim. How many
toys does Rob have?
compared set sub set
Compare 5 Kim has 8 toys. Kim has 5 toys more than Rob. How many
toys does Rob have?
referenced set sub set
Compare 6 Kim has 3 toys. Kim has 5 toys less than Rob. How many
toys does Rob have?
referenced set super set
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with the larger given number, the number of steps in the “double count” procedure
is reduced (Carpenter & Moser, 1982; Verschaffel & De Corte, 1990). In the following
example a double count procedure is presented with given numbers 8 and 3. As
shown below, the l-strategy is less demanding because it reduces memory load.
S-strategy: 3 4 5 6 7 8 9 10 11
1 2 3 4 5 6 17 18
L-strategy: 8 9 10 11
 1 12 13
addition problems
S-strategies L-strategies
material adding to from smallest given
The child constructs a set of objects
corresponding to the smallest given number,
then to the largest given. Finally the child
counts all objects.
adding to from largest given
The child constructs a set of objects
corresponding to the largest given number,
then to the smallest given. Finally the child
counts all objects.
verbal counting on from smallest given
The child starts the counting by the smallest
number given and continues this count as the
largest number is enumerated. The last number
in the sequence is the answer. 
counting on from largest given
The child starts the counting by the largest
number given and continues this count as
the smallest number is enumerated. The last
number in the sequence is the answer. 
mental known fact starting with smallest given
The child retrieves an addition number fact,
starting with the smallest given number.
known fact starting with largest given
The child retrieves an addition number fact,
starting with the largest given number.
subtraction problems
direct subtractive (DS) indirect additive (IA)
material separating from
The child constructs a set of objects
corresponding to the largest given number,
then removes as many objects as indicated by
the smallest given number.
adding on
The child constructs a set of objects
corresponding to the smallest given number,
then adds as many objects until the largest
given number has been reached.
verbal counting down from given
The child starts counting backwards from the
largest given number until as many number
words as indicated by the smallest given
number are counted. The last number is the
answer.
counting up from given
The child starts counting up from the
smallest given number until the largest
number given has been reached. The
number of counting words in the sequence
presents the answer.
mental direct subtractive known fact
The child retrieves a direct subtractive number
fact with the two given numbers.
indirect additive known fact
The child retrieves an indirect additive
number fact with the two given numbers. 
Table 1.2: Strategies in arithmetic word problem solving for addition and subtraction pro-
blems. (Adapted from Verschaffel, 1989).
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With respect to subtraction problems a distinction is made between direct sub-
tractive (DS), indirect additive (IA) and indirect subtractive (IS) solution strategies. By
using direct subtraction the answer is found by subtracting the smallest given
number from the largest given number (e.g., 8 - 5 = •). This strategy may be used for
Change 2 problems (see table 1.1). In the indirect additive strategy the child deter-
mines which quantity has to be added to the smallest given number in order to
obtain the largest given number (e.g., 5 + • = 8) The semantical structure of the
Change 3 problem may elicit this strategy. An indirect subtractive solution strategy
may be used for solving the Change 4 problems. By using this strategy the child
determines which quantity has to be subtracted from to the largest given number in
order to obtain the smallest given number (e.g., 8 - • = 3). An overview of some
strategies used, with corresponding examples at each level of internalization, is
provided in table 1.2.
Models of word problem solving
Several researchers have attempted to specify the cognitive processes and
knowledge elements needed for word problem solving. Word problem solving
requires understanding of the mathematical relations hidden in the problem text.
Therefore, the student has to perform (1) a complex, goal oriented text processing
activity, (2) select the appropriate formal arithmetic operation or informal counting
strategy, (3) execute the action or operation, (4) reactivate the initial problem
representation and (5) verify the performed actions (De Corte & Verschaffel, 1985a,
1985b). Examples of computer based simulation models are the models of Riley,
Heller and Greeno (1983), Briars and Larkin (1984), Sandberg and De Ruiter (1985),
Cummins, Kintsch, Reusser and Weimer (1988) and Reusser (1990).
The Riley, Greeno and Heller model
Based on their semantic classification of word problems, Riley, Greeno, and
Heller (1983) proposed a computer-implemented analysis of the development of the
skills needed in solving word problems. The acquisition of an improved ability to
understand, represent, and mentally manipulate problem information with the help
of problem schemata is central to this model. These problem schemata are conceived
as propositional knowledge structures of the essential components and semantic
relations underlying the problems (i.e., Change, Combine, and Compare schemata).
For each of these three major categories of problems, three different computer-
implemented models are proposed; each model is associated with a particular
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pattern of correct and/or incorrect responses of the different problem types belong-
ing to that semantic category. The main difference between the models relates to the
way in which problem information is mentally represented and elaborated using the
available problem schemata. In this respect, more detailed and/or more sophisti-
cated problem schemata increase the probability that the model will build up an
appropriate problem representation and, consequently, choose an appropriate
solution strategy. Due to their defective knowledge, computer-implemented models
representing lower levels of skill make predictable errors on the more difficult
problem types. As an example, we give the pattern of correct and wrong answers on
the six types of Change problems associated with the models. The model that
represents the lowest level, model 1, solves Change 1, 2, and 4 problems correctly,
answers Change 3 and 5 problems with the second and the first given number,
respectively, and gives no answer for Change 6 problems. Model 2 gives correct ans-
wers for Change 1, 2, 3, and 4 problems, but gives the same erroneous responses for
the other two Change problem-types as Model 1. Model 3 answers all six Change-
problem types correctly.
The CHIPS model of Briars and Larkin
The CHIPS model of Briars and Larkin (1984) solves word problems by acting
them out with representations of physical counters. More difficult problems require
extending this procedure first with knowledge that a distinct object or CHIP  is a
member of both a subset and its superset, and second with knowledge that processes
can be "undone" and that subsets can be exchanged. The authors characterize
problems (types) by the kind of knowledge the model uses to solve them. The
distinction in word problem types matches more or less the semantic structure
scheme of Riley, Greeno and Heller (1983). Briars and Larkin make a distinction
between word problems with action cues (Change problems), word problems with
static set relations (Combine problems) and word problems about comparisons
(Compare and Equalize problems).
Change problems are solved with three types of knowledge elements: single role
counters, double role counters and rerepresentation. The CHIPS-model solves the
easiest Change (1, 2 & 4) word problems with single role counters. For single role
counters it is not necessary to know that a CHIP  is a member of more than one set.
Double role counter knowledge, i.e., knowledge that a CHIP is a member of both a
subset and its superset, is needed for solving Change 3 problems. Rerepresentation is
the knowledge element that enables the system to use a time reversal strategy.
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Actions like addition and subtraction can be reversed in time for the Change 5 and 6.
Thus, to solve Change 6 problems the child may start with the result set, then change
the subtraction operation, suggested by the order of events in the text, into an
addition operation. Knowledge about subset equivalence (i.e., knowledge that
subsets can be exchanged) and transformation rules are therefore needed.
Combine 1 problems are solved with single role counter knowledge and implicit
action cues (e.g., words like “together”). For Combine 2 problems single role counter
knowledge is needed and for Combine 3 double role counter knowledge and implicit
action cues are needed.
Briars and Larkin made no clear distinction between Compare and Equalize
problems in their definition of problems about comparisons. Equalize problems are
solvable using single role counter knowledge. For Compare 1 and 2 adequate
understanding of the phrases “How many more?” or “How many less?” is a
prerequisite for correctly solving these problems. Building comparison set-consistent
language represents the knowledge element needed for solving Compare 3 and 4
word problems. For the Compare 5 and 6 problems, building comparison set-conflict
language is needed. The program needs to have knowledge of a reversed keyword
strategy. When the keyword is “less” than an addition is needed and for the
keyword “more” a subtraction is needed.
The Cummins, Kintsch, Reusser and Weimer model
Whereas the models of Riley, Greeno and Heller (1983) and Briars and Larkin
(1984) stress the importance of logico-mathematical knowledge in solving arithmetic
word problems, the models of Kintsch, Greeno and Dellarosa (1986), Cummins,
Kintsch, Reusser and Weimer (1988) and Reusser (1990) put the emphasis more on
text comprehension processes. These models are based on the text comprehension
theory of Van Dijk and Kintsch (1978), Kintsch and Van Dijk (1984, 1985), and
Kintsch (1986). Kintsch and Van Dijk distinguish two types of mental representa-
tions which are formed while reading a text: a textbase and a situation model. The
textbase is a mental representation of the semantic content of the text. The situation
model depicts the interpretation of the situation or events described in the text.
Based on the situation model a mathematical model is formed (Kintsch and Greeno,
1985). Cummins et al. argued that (certain) word problem types are difficult because
of linguistic forms which do not fit the conceptual knowledge structures of the child.
The often cited example of Hudson (1983) is used in this respect as an indication for
this point of view. Let us consider the following examples.
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problem 3: There are 5 birds and 3 worms. How many more birds are there than
worms?
problem 4: There are 5 birds and 3 worms. How many birds won’t get a worm?
The performance on word problem 3 is ranging from 17% correct solutions for
nursery school children to 64% correct solutions for first graders. Word problem 4, in
contrast, is solved correctly by nursery school children in 83% of the cases, whereas
first grade children solve this problem correctly in almost 100% of the cases. Similar
findings on rewording word problems were reported by de Corte, Verschaffel and
De Win (1985).
The computer model of Cummins et al. solves word problems through an
interaction of text comprehension processes and arithmetic solution strategies. The
information from the word problem is stored in proposition frames (the textbase).
Numerical information is stored in set frames and the relations between set frames
are stored in superschemata. Three superschemata are distinguished: a transfer
superscheme, a combine superscheme and a compare superscheme. These schemes
are comparable to the classification scheme for word problem types of Riley, Greeno
and Heller (1983).
Instruction on word problem solving
Several studies have been conducted on improving the word problem solving
skill of first-grade children and children with learning problems1. Some of these
studies focused on using concrete objects (e.g., Ibarra & Lindvall, 1982; Jaspers &
Van Lieshout, 1989a,b, 1994b,c), whereas others focused on open and closed number
sentences (e.g., Bebout, 1990; Van Lieshout & Pos, 1990), schematic drawings (e.g.,
Lindvall, Tamburino, & Robinson, 1982; De Corte & Verschaffel, 1985; Willis &
Fuson, 1988), or teaching part-whole knowledge (e.g., Fisher, 1990; Wolters, 1983; De
Corte & Verschaffel, 1981).
Several investigations have demonstrated that the presence of concrete aids
facilitates word problem solving, particularly for young children (Riley, Greeno, &
Heller, 1983). However, although manipulatives are often used spontaneously, their
usefulness depends on the particular word problem involved. Riley et al. showed,
1 Not all types of intervention are discussed in this section. We will present the most relevant
studies for this thesis.
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for example, that the presence of blocks did not increase kindergarten children's
solution performance on the more difficult Change problems. Ibarra and Lindvall
(1982) investigated the influence of presenting simple addition and subtraction word
problems with various degrees of concrete aids to kindergarten children. Word
problem solving performance proved to be higher when the experimenter provided
more concrete aids. Jaspers and Van Lieshout (1989a,b, 1994b,c) addressed the
question whether blocks can be utilized in the teaching process of children with
learning problems. The results of these studies indicated that the performance of the
children in solving word problems increased significantly during the training. This
suggests that the use of objects during the instruction process can help children with
learning problems to construct more adequate internal representations of word
problems.
An important goal of arithmetic education is to teach a formal mathematical
language in order to solve real world problems efficiently. Word problems are
presented in bridging the gap between everyday life problems and mathematical
knowledge (Resnick & Ford, 1984). According to Schoenfeld (1985), many children
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Figure 1: Examples of schematic drawings in arithmetic word problem solving. The part-
whole scheme used by Wolters (1983) is presented in part a. The four types of schematic
drawings that were used by De Corte & Verschaffel (1985) and Willis and Fuson (1988) are
represented in part b. 
are taught a keyword method to translate word problems into number sentences.
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The children learn to identify the two numbers in the problem and the keyword
(more, less, give, lose) which indicates the choice of operation. Nesher and Teubal
(1975) provided evidence that elementary school children tend to choose the
arithmetic operation based on the meaning of the keyword. For most word problems
the keyword strategy is not in conflict with the underlying arithmetic structure.
However, for some word problems like Compare 5 and 6, keyword strategies impose
serious problems. Furthermore, Ibarra and Lindvall (1982) questioned the usefulness
of teaching young children to translate simple addition and subtraction word
problems into number sentences. They presented evidence that children must be
able to understand and solve word problems before they can write number senten-
ces for it. Bebout (1990), however, showed that the success rate of writing number
sentences for word problems increased when children were taught to use open
number sentences (e.g., 3 + • = 8) and closed number sentences (e.g., 3 + 5 = •)
matching the semantic structure. In a study with mildly mentally retarded children
Van Lieshout and Pos (1990) replicated this finding.
Concrete objects like blocks are used to create an external representation of the
word problem text. A similar goal may be reached by instructing the child to
generate (schematic) drawings. Self-generated drawings for clarification of the word
problem were used by several researchers (e.g., Lindvall, Tamburino, & Robinson,
1982; Wolters, 1983; De Corte & Verschaffel, 1985; Schoenfeld, 1985; Willis & Fuson,
1988). Two lines of research can be distinguished in the studies on drawings of word
problems. The first line of research aims at teaching children to use specific types of
diagrams. Wolters (1983) taught pupils to use a general part-whole diagram as an
external representation of the word problems. A gain in performance was found in
these studies. Wolters, however, provided evidence that the use of this part-whole
diagram increased performance on Combine problems, but not on Change and
Compare problems. De Corte and Verschaffel (1985), and Willis and Fuson (1988),
taught children to use four types of schematic drawings reflecting the semantic
structure of distinct word problems (see figure 1.3). In this study it was found that
overall performance of the children increased. However, the most difficult where
those word problems in which the underlying subtractive problem category (Change
6 and Compare 6) conflicted with the addition solution strategy required to solve the
problem. The second line of research concerns instructing pupils to make drawings
of their own. Van Essen and Hamaker (1990), and Van Essen (1991) reported a study
in which first, second and fifth graders were encouraged to generate drawings of
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arithmetic word problems. The results indicated that the fifth graders improved
their performance after the intervention, whereas the first- and second graders did
not. Unlike the first and second graders, the fifth graders generated lots of drawings
of word problems. Van Essen and Hamaker argue that the nature of the difficulties
children experience when solving arithmetic word problems influences their
decision to generate drawings. 
However, the effect of teaching open or closed number sentences as a means to
solve arithmetic word problems, or the effect of teaching manipulatives for solving
word problems for children with learning difficulties remains relatively unclear. In
the present thesis an attempt will be made to shed more light on this question.
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The present study: CATS for children with arithmetic learning
problems
Introduction
In educational science CATS are built to serve varying purposes, each related to
specific questions. First, the system might provide knowledge about the solution-
and learning processes of novices and experts, which intervention techniques to use,
and which supporting tools to use. In this case the purpose of the system is to be a
research vehicle for the investigation of psychologically or pedagogically oriented
questions. Second, the system may be build and tested as a prototype for future
educational application. Although both types of research are conducted in order to
get better instructional tools, and the questions are not mutually exclusive, there is
sometimes a discrepancy between the purposes. Whenever the goal of the system is
related to the question which factors contribute to a better tutoring system, or which
factors are responsible for (effective) learning, the tutoring system has to be seen as a
tool for fundamental research. In this case the system often cannot be considered to
be an optimal learning tool. Therefore, these tools may not be judged from a
pedagogical point of view. In the studies presented in the next section the tutoring
systems often serve as research engines. Systematic scientific research requires the
“Ceteris Paribus” principle. As a result of this principle some contaminating factors
are kept out of the research design and are introduced at a later stage. An example of
exclusion in our research is the question, that Reusser (1993) addresses as solo
learning versus collaborative learning. In the design of our studies, solo learning was
used as a starting point and the comparison of both methods was postponed.
In this thesis, the computer is used as a research tool, in order to get answers on
fundamental questions in the research about arithmetic word problem solving of
children from special education. For instance, how detailed and on what level must
the system give feedback on incorrect steps during the solution process. Another
important question relates to the tools to be used during education. In the next
section we will consider these questions in more detail.
The development of the computer aided tutoring systems used in this thesis is
based upon several years of experience in building tutoring systems in the domain
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of arithmetic word problem solving of children with learning problems. Therefore,
an overview of the predecessors of these tutoring systems is provided. Our aim is to
describe these programs in terms of goals, (pedagogical) principles and how they fit
into the general scheme of (intelligent) tutoring systems. For more detailed and speci-
fic information we refer to the corresponding publications.
In the final part of this chapter, a description is provided of the population under
survey and the organization of the study.
Research questions
In this thesis an attempt will be made to find answers to the following questions:
• 1 How effective is writing open and closed number sentences in arithmetic
word problem solving?
• 2 How effective are concrete objects in relation to writing open and closed
number sentences?
• 3 What is the relationship between aptitude of the children and treatment?
• 4 What is the influence of semantic and non-semantic factors on problem
solving performance?
• 5 What is the effect of cartoons and rewording in arithmetic word problem
solving?
The first question relates to the effects of teaching children from special edu-
cation to use open and closed number sentences as a means to solve simple arith-
metic word problems. Bebout (1990) and Van Lieshout and Pos (1990) provided
some evidence that this method may be beneficial for first-grade children and mildly
mentally retarded children. However, Ibarra and Lindvall (1982) questioned the use-
fulness of this approach. They argued that children must be able to understand and
solve a word problem before they can write a number sentence for it.
The second main question concerns the effect of teaching concrete representa-
tions in solving arithmetic word problems. Jaspers and Van Lieshout (1989a,b,
1994b,c) found evidence that building an external representation with objects is
effective in teaching children with learning problems to solve arithmetic word
problems. Willis and Fuson (1988), De Corte and Verschaffel (1981) taught children
to use schematic drawings in solving these problems. In the current study, the
external representation consisted of a combination of a concrete representation with
objects embedded in a schematic drawing with Venn-diagram like properties.
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The third research question relates to the aptitude treatment interaction between
high- and low competent children on the one hand and type of intervention on the
other hand. In his survey on “mathematantic studies”, Clark (1990) points to various
threats in instructional treatments in mathematics viz., ‘Novel Strategy Substitution’
and ‘Inadequate strategies’. Novel Strategy Substitution relates to the use of a new
unfamiliar approach in solving a problem instead of an old rather successful
strategy. An example of this phenomenon is shown in a study of Carpenter, Hiebert
and Moser (1981). These authors found that first-grade children who had already
experienced formal instruction on addition and subtraction made more errors in
solving word problems than first-grade children who had not had this type of
instruction. Carpenter et al. argue that in this case formal mathematical solution
procedures are (super)imposed on (successful) informal strategies. Primarily higher
aptitude students are affected by Novel Strategy Substitution, i.e., by replacing more
automatic and effective strategies with less familiar strategies (Clark, 1990). Inade-
quate strategies especially affect lower aptitude students by providing them with
unsuccessful and/or incomplete learning procedures. An example of this may be
found in the aforementioned study of Ibarra and Lindvall (1982).
A fourth important question relates to the importance of semantic and non-
semantic features in arithmetic word problem solving. Following Riley, Greeno and
Heller (1983) many researchers stressed the importance of semantic factors in
solving arithmetic word problems. In this thesis the effects of the interventions used
are, therefore, related to the semantic complexity of the word problems. Non-
semantic factors have been less important in research on arithmetic word problems
in the previous decade. However, Verschaffel and De Corte (1990) provide some
indication that non-semantic factors may influence strategy choice in solving
arithmetic word problems. Therefore, we will consider this aspect in more detail in
chapter 5.
Finally, some effects of contexts are examined. Contexts are considered to be
important in instruction (of mathematics) in the view of the constructivistic
approach to learning and instruction. An example of context use is the explicit
offering of pictures, animations or the embedding of the problem into a story. There
is some indication that pictorially presented word problems are easier for the child-
ren to handle than word problems presented in text format (Threadgill-Sowder &
Sowder, 1982). Furthermore, the effectiveness of providing cartoons is compared
with the effect of having the child retell the word problem.
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Before describing the studies conducted in the framework of this thesis, we will
provide a description of the computer systems used and their predecessors.
CATS as a tool for research 
The early systems
The first system to be considered is a metacognitively oriented tutoring system
(Van Lieshout & Anbeek, 1986, 1988; Van Lieshout, 1989). The goal of this system
was to monitor and improve task behavior in the domain of arithmetic word
problem solving by focusing on metacognitive skills of the students. The starting
point for a metacognitively oriented tutoring system was the notion that children
with learning problems often lack the spontaneous use of (appropriate) information
processing strategies while performing cognitive tasks (Belmont & Butterfield, 1977;
Torgeson & Young, 1983). When presented with a word problem, these children
often start calculating immediately, without proper planning of the solution process.
The expert module of the metacognitively oriented tutoring system may be
characterized as a glass box model and the tutorial intervention is based upon model
tracing. Feedback on errors is provided at two levels. The first time an error occurs
the system gives a hint and the child gets a second chance to give the correct
response. After a second incorrect action the computer supplies the correct solution.
Touch screens were used for channeling information between student and tutoring
system and information was provided in a visual modality. In this experiment the
student, tutoring system and a human trainer collaborated. The behavior of the
human tutor was, however, controlled by a standardized protocol. The human
trainer was only involved in the introductory training sessions, in which the child
was taught how to handle the interface.
In a second study (Jaspers, 1991; Jaspers & Van Lieshout, 1989) a system was
developed with the purpose to investigate the effect of an external modeling
procedure. The goal of this system was to improve the performance in arithmetic
word problem solving of the children by having them reconstruct the situation
depicted in the word problem with concrete objects (squares). When a problem was
first presented, only the problem text and a READY-key were displayed on the
screen. First, the child was encouraged to read the problem text carefully. After
reading the problem text, the child was supposed to construct the requested pictorial
configuration for the particular problem type. The construction of this configuration
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was divided into separate, consecutive steps. In the first step the child had to
represent the first relevant set mentioned in the problem text with the appropriate
number of squares. The tenor of the second step depended on which word problem
type was presented and consisted of adding squares, matching squares, or separat-
ing squares. The final step was identifying the answer set by marking each
corresponding square. As before, touch screen monitors were used for
communication between student and computer system. In this tutoring system
several types of errors were distinguished and each type was followed by its own
feedback. These error types concerned errors in the number of squares, wrong
placement of squares, wrong choice of color of the squares, and finally pointing at a
number of squares that did not constitute the answer set. A three layered feedback
procedure was implemented. The feedback consisted of general remarks when the
child made a particular error for the first time. When the child made the same error
on the second try, more specific feedback was provided. Whenever the child failed
on the third occasion as well, the computer displayed the requested pictorial
configuration of squares for the particular step on the screen. The tutor module of
the program was structured in such a way, that progression through the trial was
impossible, unless all preceding steps had been completed correctly.
The third system that was developed aimed at improving word problem solving
by using a text analysis strategy (Jaspers 1991; Jaspers & Van Lieshout, 1994a,b).
During the training trials the child had to announce which action was to be per-
formed next by pointing at step labels depicted on the screen. These step labels
briefly described the actions of the task strategy, which were (step 1) read the
problem text, (step 2) select the crucial words in the question sentence, (step 3) select
the crucial words in the first relevant sentence, (step 4) represent the set of the first
relevant sentence with visual squares, (step 5) select the crucial words in the second
relevant sentence, (step 6) represent the set of the second relevant sentence with
visual squares, (step 7) locate the answer set by pointing at the squares that form the
answer set and finally, (step 8) enter a numerical answer. These actions were to be
accomplished by pointing at words in the problem text, pointing at visual squares
depicted in a supply of squares and pointing at one of the numbers displayed on the
screen. For strategy step 2, 3, and 5 children were prompted to touch words in the
relevant sentence only. Several errors were distinguished ranging from touching
irrelevant words to manipulation errors with squares. The feedback procedure was
the same as in the aforementioned system.
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These systems were developed from an information processing point of view.
Therefore, we will discuss the aforementioned systems from that point of view. The
expert module in these systems may be characterized as somewhere between black
box and glass box models. Expert knowledge based on empirical studies is imple-
mented, but the expert is not literally interviewed. The student model is created on
the same basis. Differences between the expert model and the student model are
assessed using the two methods described by VanLehn (1988), i.e., the bug library
and the overlay method.
 Several principles suggested by Mayer (1985) - translation training, schema
training, strategy training, and algorithm automaticity were embedded in the curri-
culum part of the tutor module. Translation training aims at having the student
translate the problem into an internal representation. This is accomplished by using
concrete objects in the aforementioned systems. Schema training is realized by
teaching students to discriminate between relevant and irrelevant information and
having them solve a mixture of problem types. Direct instruction and elaborated
examples of the solution strategy are important elements of strategy training.
Algorithm automaticity is accomplished by practicing component skills and by
remediating identified bugs (the bugs are derived from the literature). The in-
structional part of the tutor module takes care of tutorial interventions, which are
based upon model tracing. Furthermore, known bugs are remediated using a bug
library. Feedback on errors and misconceptions is presented visually in the center of
the screen, and examples of the correct actions are provided in case the child doesn’t
know how to proceed. 
The representation of concrete objects is rather abstract, the objects mentioned in
the word problem are represented by squares, instead of icons depicting the actual
objects. The sequence of mastering subskills and components is taken care of. The
word problems are presented, for instance, in order of increasing difficulty. But a
more difficult problem is only presented when easier word problems are mastered.
An important difference between these early systems and the systems used in
this thesis, is found in the instructional environment. In the early systems touch
screens were used for channeling information between student and tutoring system
and information was only provided in a visual modality. In the current thesis
information exchange from student to the computer is done by using a mouse as a
pointing and manipulating device. Furthermore the word problems, instructions
and feedback are also auditorily presented, making the written text more compre-
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hensible for less skilled readers. In the next section we will provide an overview of
the CATS we used in this project.
CATS and mice: Tools in teaching arithmetic word problem solving
The user interface
An important goal in the design of the user interface is to make the interface
transparent. Transparency together with a first-person interface reduces the amount
of effort needed for mastering the interface. Since Apple Macintosh™ for a long time
has been advocating and practicing uniform guidelines for designing the interface,
this platform offers a suitable environment. In order to create an easy to use inter-
face, we adopted these guidelines as leading principles. The reason for this is
obvious: it is easier learning with a standardized than with a nonstandardized inter-
face. Besides, as Miller (1988) points out a direct manipulation interface, using the
mouse as manipulating and pointing device, allows the user to become a direct
participant in the domain. One of the main goals in designing the CATS for this
project, was to reduce the amount of effort needed in mastering the interface. The
mouse as a means of communication from student to computer, was introduced for
a variety of reasons; technological, empirical and practical in nature. The first reason
was the parallax problem with the touch screen monitors. The touch screens used in
the previous experiments had an infrared raster mounted just in front of the
monitor. Whenever the student pointed from a certain angle to objects on the screen,
the child’s finger could interrupt the infrared mask at other coordinates than the
intended point on the screen, causing the system to misinterpret the action. Second,
in the domain of arithmetic from 0 to 100, Baltussen (1992) found no differences in
effectiveness between CATS with a touch screen and CATS with a mouse. Finally,
since the use of mice is nowadays widespread in computerland, extra instruction is
often not needed.
All CATS in the current thesis had menu- and corresponding buttonbars for the
selection of specific tools, such as selectors, pencils and erasers, or for activating a
help function. Furthermore, the computer screen was divided in several areas. The
area in which the word problem was presented was located at the top of the screen
just below the menubar; depending on which program was used, a worksheet for
the construction of the external representation was located at the center of the screen;
the number sentence area was located at the bottom of the screen. This layout made
it possible for the child to work from the upper-half of the screen down to the lower
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half of the screen. Feedback on errors and help messages were provided visually in a
dialogbox, and the accompanying speech was generated at the same time. For a
more detailed description of the user interface we refer to chapters 3, 6 and 7. 
The instructional environment
The instructional environment was not kept uniform for all the systems, because
sometimes the levels of abstraction and fidelity were part of the research questions.
In the studies described in chapter 6 for instance, the amount of abstraction, needed
in the instruction to solve simple word problems, was part of the design, i.e., do we
need external representation as an aid for translating word problem text into formal
mathematical number sentences? Whereas in the system described in chapter 7 the
external representation with objects was the starting point in building the in-
structional environment. Furthermore, in the system described in chapter 6 feedback
was more elaborated. In contrast with its predecessor, animations of the correct
solution strategies were shown in case the child did not succeed in time.
In all systems help- and error functions were layered according to a three step
procedure. The first time a child made an error, only a sound was generated, the
second time general information was provided and the third time specific assistance
was offered. Whenever the child wanted help without making an error first, no help
was provided, because we wanted to be sure that the child reflected on the problem
on his or her own first.
The tutor module
In the first experiment (chapter 3) the curriculum part of the tutor module was
designed in such a way that the children had to solve the easiest problems first and
when they succeeded in doing so more difficult problems were added. Since the
influence of semantic structure and order of numbers presented was part of the
research questions in the third study (chapter 6), the order of word problem types
presented was fixed. In the first session the easiest problems were offered and in the
last session the most difficult problems were offered. With the exception of the
highly structured treatment as described in chapter 3, tutorial interventions were
based upon issue-based tutoring. An advantage of issue-based tutoring is the great
flexibility and adaptivity of the system, besides the fact that children are allowed to
use alternative solution paths.
The student module
The bandwidth of the diagnostic module is rather large in all systems, although
there are some differences. All systems monitor, interpret and evaluate each single
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mouseclick of the child. Depending on the amount of flexibility allowed by the
particular system, a decision is made whether it is necessary to give feedback on the
specific action. Furthermore, the student model keeps a record of (previous) actions
and solutions on different levels. During the solution process of a particular
problem, during the practice- and probe sessions and during the entire training
period, feedback and selection of word problem types is based upon information
stored in the student module.
The expert module
The expert modules of the systems are not intelligent in the sense that they are
based upon a cognitive model as described by Anderson (1988). The expert modules
are not able to encode and use domain knowledge humanlike. Just as in the previous-
ly described systems, expert domain knowledge is encoded in a rulebased algorithm.
Depending on the study and research questions, the expert knowledge is more or
less elaborated, e.g., in case of the highly structured treatment in the first experiment
the expert module only needs to know the appropriate step given a specific word
problem and the state of the solution process. In contrast, in the low and medium
structured treatment the expert module needs to have knowledge about correct
alternative solution paths given specific word problems.
Hard- and software
The hardware used in the training studies reported in chapters 3 and 6 consisted
of an Apple IIGS microcomputer with a 4 megabyte ramdisk and a 44 megabyte
removable harddisk. The computer was connected to a colormonitor (graphic
resolution of 640 by 200 dots). The mouse was used as a pointing and manipulating
device. Problem text, instructions, and feedback were presented visually and by
means of digitized speech recorded at a sample frequency of 22 KHz. The built-in
ensonic sound chip and a Sennheiser HD 40 headphone took care of the transmission
of sound. The instruction programs were written in TML-pascal 1.1 for the Apple
IIGS.
Design of the study
Population under survey
The research presented in this thesis was conducted on schools for learning
disabled children and schools for educable mentally retarded children in the cities of
Nijmegen and Arnhem (the Netherlands) and their environment. 
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In the Netherlands, children are said to attend schools for learning disabled
children when they have a learning problem in a specific domain (e.g., reading or
arithmetic), but have no educational lag in other domains. Although under debate,
the discrepancy hypothesis is used as a criterion to define dyslexia (e.g., Siegel, 1986,
1989; Dumont, 1982) and is accordingly used as a selection criterion. Children diag-
nosed as being dyslectic attend schools of the former type. Children attend schools
for educable mentally retarded children when they are far behind in several domains
(e.g., reading and arithmetic). In comparison with normally achieving children, the
performance of children with learning problems is much lower, even when they are
matched on mental age and computational ability (Bilsky & Judd, 1986; Cruick-
shanck, 1948; Russel & Ginsburg, 1984). These children often lack the spontaneous
use of (appropriate) information processing strategies in cognitive tasks (Belmont &
Butterfield, 1977; Torgeson & Young, 1983). Furthermore, Jaspers and Van Lieshout
(1994a), Van Lieshout, Jaspers, & Landewé (1994) showed that children from special
education lag on average four years behind in arithmetic skills in comparison to
their normally achieving peers.
Organization of the study
In order to find an answer to the research questions mentioned before we
conducted the studies reported in the following chapters.
In chapter 3, the effect of teaching open and closed number sentences is examin-
ed in relation to the degree of structure needed for high and low competent word
problem solvers. Three levels of structure are offered: high, medium and low.
Performance, strategy use and errors made were related to competence level, type of
instruction, and word problem type.
In chapter 4, the effects of offering cartoons or having the children retell the
word problem text is examined. Furthermore, it is argued that these interventions
may appeal to two different representational systems in the brain: a verbal and a
nonverbal system. Psycho-neurological evidence for the existence of these systems is
given by Paivio (1971, 1986). A (minor) deficit in the functioning of one of these
systems or the preference to verbally decode or visually decode the information
given may interfere with the remediation given. Performance, strategy use and
errors made were related to intellectual profile of the children.
The effect of semantic and non-semantic features is considered in chapter 5. It is
argued that several types of variations of non-semantic features may be distin-
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guished. Two dimensions are considered in more detail: the order of presentation
and the size of the unknown in relation to the given numbers in the word problem
text. For addition word problems the order of presentation of given numbers
appears to play a role in children’s choice of strategy (Verschaffel & De Corte, 1990).
The effect of order of presentation is examined for subtraction word problems as
well. It is examined whether subtraction word problems in which the smallest given
number is presented first (SubSmall problems) will trigger more often indirect
solution strategies and whether they are more difficult than word problems in which
the largest given number is presented first (SubLarge problems). Strategy use and per-
formance for distinct word problem types are related to initial competence of the
children.
Two main instruction components are used in instruction on arithmetic word
problem solving: object use and open and closed number sentences. The effect of
both components is examined in detail in chapter 6. In order to gain a better under-
standing of the effects and educational practicability of the two components in
learning to solve arithmetic word problems, four computerized training procedures
were developed with the absence or presence of both components systematically
varied. As before the effects of the training were related to initial competence of the
children.
In the final chapter, the results of the studies are summarized, discussed and
future perspectives are presented.
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Structure in teaching arithmetic word problem solving to children
with learning problems
Introduction
First-grade children and children with learning problems often experience
difficulties in solving arithmetic word problems (De Corte & Verschaffel, 1982; Van
Lieshout, Jaspers & Landewé, 1994). Word problem solving is especially important
in bridging the gap between everyday life problems and mathematical knowledge
(Resnick & Ford, 1984). In comparison with normally achieving children the perfor-
mance of children with learning problems is much lower, even when they are match-
ed on mental age and computational ability (Bilsky & Judd, 1986; Cruickshanck,
1948; Russel & Ginsburg, 1984). In the past decade, a considerable amount of re-
search has been conducted on the effect of the relative difficulty of simple word pro-
blems, and strategies children use to solve these problems (e.g., De Corte & Verschaf-
fel, 1985; Carpenter, Hiebert, & Moser, 1981, 1983; Carpenter & Moser, 1981, 1984;
Riley, Greeno, & Heller, 1983). The studies show that the semantic structure of the
word problem has a major influence on the form of the number sentence used by the
children and on the sequence and choice of representational steps. Solving word pro-
blems requires the integration of several formal skills and knowledge (e.g., Nathan,
Kintsch & Young, 1992). These skills encompass text comprehension (e.g., Kintsch &
Greeno, 1985), logico-mathematical knowledge (e.g., Briars & Larkin, 1984), and
metacognitive skills such as planning, and organization of the solution process (e.g.,
Van Lieshout, 1989). 
On the subject of text comprehension Kintsch and Van Dijk (1984, 1985)
described that two types of mental representations are formed while reading a text:
the textbase - which is a representation built during the comprehension process - and
a situation model - which represents the situation described in the text. In addition,
in arithmetic word problem solving the appropriate mathematical operations have to
be chosen (Nathan, Kintsch & Young, 1992). Based on the situation model a mathe-
matical model is formed (Reusser 1990; Staub & Reusser, 1995). By using mathemati-
cal or counting operations the problem can be solved. In this process of text compre-
hension and the construction of an internal representation, young children often
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mainly rely on informal counting strategies. Even children without any formal edu-
cation are capable to solve simple addition and subtraction problems with the help
of concrete objects (Carpenter, Hiebert, & Moser, 1981; De Corte & Verschaffel,
1982). For example they are able to solve the following word problem: Ann has 2
marbles. Pete gave Ann some more marbles. Now Ann has 7 marbles. How many marbles did
Ann get? Although these children can build a concrete representation of the word
problem with objects, they are often unable to write down an accompanying number
sentence such as 7 – 2 = •, as a formal symbolic representation. 
The solution of word problems with larger numbers, however, in our opinion
requires the use of mathematical symbols. Two or three step word problems are
easier to handle using a formal mathematical representation. By splitting the
calculation stage from the stage of constructing an adequate situation model, the
child is able to keep the memory load low. Besides, as will be explained later on,
word problems offer the opportunity to relate the informal solution strategies to the
more formal knowledge of using number sentences. Bebout (1986, 1990) showed that
normally achieving first-grade children were able to improve their performance in
solving simple word problems by teaching them to write down the appropriate
sentence reflecting the representational order of the word problem (e.g., in case of
the example given earlier: 2 + • = 7), although Van Essen (1991) failed to replicate
these findings. Carey (1991) investigated which number sentences first-grade
children could generate for different problem types and whether children were able
to identify alternative number sentences as appropriate representations. She
described five qualitatively different clusters of children, which are characterized by
the degree of flexibility in accepting alternative number sentences for word pro-
blems. All children could correctly identify open number sentences reflecting the
representational order, but only the more advanced children were able to write
down standard number sentences, such as a + b = • or a - b = • for all word pro-
blems presented. Furthermore, she found that flexibility in selecting alternative
number sentences was related to number size. The largest given number is some-
times used as the starting point in constructing the mathematical solution model. 
Although there is evidence that children can be taught to use open number
sentences in order to represent simple word problems, several questions remain to
be answered. The first issue pertains to the practicability of Bebout's training method
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for children with learning problems1. Research has demonstrated that these children
often lack the spontaneous use of (appropriate) information processing strategies in
cognitive tasks (Belmont & Butterfield, 1977; Torgeson & Young, 1983). However,
Brown, Campione and Day (1981), have shown that learning disabled and educable
mentally retarded children can be taught to use these strategies. In a study with four
children with learning problems, Van Lieshout and Pos (1990) succeeded in repli-
cating the findings of Bebout, with a strategy training, in a more controlled design.
Because Bebout's training was offered to normally achieving children and because in
the study of Van Lieshout and Pos only four children were involved, it remains
unclear whether children with learning deficiencies benefit from this type of in-
struction. 
A second related issue is the question how much structure is needed in teaching
arithmetic word problem solving. Although not in the domain of word problem
solving, Bernaert (1984) found evidence for the assumption that children performing
poorly, in contrast with competent children, benefit more from (computer assisted)
tutoring programs with a strong formal structure than from programs in which they
are allowed to use different solution strategies. In his survey on "mathematantic
studies", Clark (1990) points to differential threats in instructional treatments in
mathematics viz. ‘Novel Strategy Substitution’ and ‘Inadequate strategies’. Primarily
higher aptitude students are affected by Novel Strategy Substitution, i.e., replacing
more automatic and effective strategies with less familiar strategies. Inadequate
strategies especially affect lower aptitude students by providing them with un-
successful or incomplete learning procedures. Thus it may be hypothesized that
children with relatively high initial skills benefit more from a low-structured
treatment, because it reduces the threat of Novel Strategy Substitution. On the other
hand, low achieving children may benefit more from a high-structured treatment.
Because of their incomplete strategies, the learning process of these children is not
inhibited by Novel Strategy Substitution and they are possibly presented with
complete and adequate learning strategies. 
Third, Bebout (1986, 1990) and Van Lieshout and Pos (1990) taught children to
use number sentences that closely reflect the representational order of the word
problems. Several error sources may have occurred in teaching such a strategy: the
1 When not explicitly stated, no distinction will be made between children with learning
deficiencies and educable mentally retarded children. 
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child’s wish to use alternative number sentences or start the number sentence with
the largest given number. Carey (1991) found that normally achieving children easily
accept alternative number sentences. Besides this argument, Verschaffel and de
Corte (1990) and Carey (1991) stated that the relative size of the given numbers in
the word problem plays an important role in the choice for a specific number
sentence. It is possible that the wish to use alternative number sentences may have
accounted partly for the errors children committed. Furthermore, unlike the Change
problems the more difficult word problems like the Compare problems do not have a
dominant semantic structure or representational order (see table 1.1). Consider, for
example, the following word problem: Ann has 2 marbles. Pete has 7 marbles. How
many marbles does Ann have less than Pete? The problem may be solved by writing the
following number sentences 7 - 2 = • (direct subtraction), or 2 + • = 7 (indirect
addition). It might be unclear to the children which specific number sentence to
write down. In concordance with this argument, the children in the study of Bebout
(1986, 1990) and Van Lieshout and Pos (1990) had not been taught to solve more
difficult Compare and Equalize problems. So it is not clear whether this type of
instruction is suitable for these word problems. 
Furthermore, Jaspers and Van Lieshout (1994) have shown that children at
different age levels commit different types of errors. It is possible that certain typical
errors are elicited by the type of instruction procedure used. For example, a proce-
dure that focuses on an formal mathematic might generate more operation errors
than a training that focuses on an external representation with objects, because the
last treatment may foster the creation of a more elaborate situation model. It can,
therefore, be questioned whether procedures relying on concrete modeling rather
than on writing open and/or closed number sentences reduce different kinds of
errors. 
In order to investigate the questions raised above, we designed a computer
aided tutoring system based on the training procedures used by Bebout, Van
Lieshout and Pos. Three different types of instruction were offered, i.e., a high-
structured (HS), a medium-structured (MS), and a low-structured treatment (LS). After
having read the word problem, children in the HS-treatment had to build an external
representation and write down a number sentence matching the representational
order of the word problem. By contrast, children who received the MS-treatment,
were allowed to use any strategy they could think of to solve the arithmetic word
problems. First, they were allowed to follow different routes in constructing the
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object sets representing the problem situation. Second, they were allowed to skip
parts of or the whole process of constructing a representation with objects as long as
the number sentence was correct. Finally, they were allowed to write down all
possible number sentences. For example, • + 6 = 9 was equally adequate as 9 - 6 = •.
Children in the LS-treatment only had to write down number sentences. They were
not given the opportunity to build an external representation of the word problems
with objects, and they did not receive feedback on single steps in the solution
process. 
In the present study an attempt was made to find empirical evidence for the
usefulness of three computer aided instruction methods in special education. In
particular, it our aim was to find out whether: (a) the treatments are effective for
children with learning problems, (b) there is an Aptitude-Treatment-Interaction
between degree of structure and initial competence, (c) there is a qualitative
difference in the effect of the three treatments. 
Method
Participants
From four schools for learning disabled children and four schools for educable
mentally retarded children, 111 children (mean age 10.9 years, s.d. 1.4) were selected
and parental consent was asked for participation. The selection was based on the
children’s performance on a Word Problem Test and an Addition and Subtraction
Test, i.e., children were selected for participation if they had: (1) less than 70%
correctly written number sentences, (2) more than 50% correct answers on the
Change 1 and 2 and the Combine 1 and 2 word problems - this criterion assured us
that the children were able to read and understand the easiest word problems - and,
in addition, (3) less than 25% missing answers on the Word Problem Test. The
selection criterion for the Addition and Subtraction Test was having more than 75%
correct answers. In addition, children were given the Raven CPM/SPM (mean
percentile score 23.2, s.d. 24.0) and a Dutch technical reading test (DMT) in order to
estimate their nonverbal IQ and reading skill. 
Design
In a pretest-posttest-control group design the effect of the treatments was tested.
From the 111 children selected, 84 were randomly drawn for participation in the
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treatment groups. These children were matched on their pretest performance on
word problem solving skills and subsequently randomly assigned to one of three
treatment groups - i.e., a high structured treatment (HS), a medium structured
treatment (MS), and a low structured treatment (LS). The remaining 27 children were
assigned to the assessment control group (AS). An additional selection was per-
formed after the experiment. The children who on average had less than two
elements written in each number sentence on the paper and pencil posttest were
excluded from analysis, because writing number sentences may elicit more and/or
different types of errors than just writing down the answer. In each treatment group
at least 25 children remained. These children on average wrote 4.5 elements, out of
five required, of the number sentences (s.d. 1.3). 22 children remained in the
assessment control group. 
General Procedure
The general procedure of the experiment consisted of 4 successive stages - the
pretest stage, the trainer guided instruction stage, the computer assisted training
stage and the posttest stage. In the first stage, the paper and pencil tests - Word
Problem Test, Number Sentence Test and the Raven nonverbal intelligence test -
were classically administered. In the second stage, the children from the three
treatment groups were individually instructed in using the computer and their
reading skill was assessed with a Dutch reading test (DMT). This stage encompassed
two sessions. In the first session the children were taught to use a mouse interface by
means of a simple computer game. In the second session they were taught how to
interact with the computer interface. Furthermore, the trainer modeled the solution
procedure of the Change 1 and 2 word problems using the interface. 
The training stage consisted of 12 individual sessions, with a maximum length of
30 minutes per session. In these sessions 57 word problems were trained and 57
word problems were presented as an in-between measurement. At the beginning of
the experiment the children were offered the easiest word problem types (i.e.,
Change 1, Change 2, Combine 1 and Combine 2). The trained problems were random-
ly selected from this pool. In addition, for each word problem the number sets, the
names of actors and objects were generated randomly. The only constraint was that
the choice of the number sets had to conform to the construction criteria of the Word
Problem Test, which will be explained later on. Based on each child's performance
on the in-between measurement, more difficult problems types were added and the
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mastered word problem types were omitted from training. If more than 50% of the
pool of all trained word problem types were solved correctly, more difficult word
problem types were added. If a specific problem type was solved correctly for the
third time, it was omitted from the pool of problems to be presented to the child. 
In the posttest stage the performance on arithmetic word problem solving skill
was tested in four different ways. The first two posttests and the last posttest were
computerized and only the three treatment groups participated in these tests. The
tests were administered individually. The third posttest was a paper and pencil test
and was administered in the classroom to the same children who took the pretest. In
the first and last computerized test the procedure was the same as the in-between
measurement. The second posttest was designed as a process measurement: children
receiving the HS- and MS -treatment had the opportunity to use objects - on the
computer screen - in the process of solving the word problems. Children receiving
the LS-treatment were offered the same task as given in the first posttest. 
Materials
Word problem test
In the Word Problem Test each of the 19 word problem types (see table 1.1) was
presented twice in a randomized order. Different numbers, names of actors and
objects were used for the two items of each problem type. Quantities in the word
problems were chosen according to the following criteria. (1) The sum of the num-
bers was not larger than 20. (2) There was a difference of at least 2 units between the
numbers. (3) No numbers were used that were twice as large as one of the other
Table 3.1: All mathematically possible two-way number sentences given S < L and L < G. The •
corresponds to the unknown quantity.
order of presentation position of the unknown
last second first
S + L = G S + L = • S + • = G • + L = G
L + S = G L + S = • L + • = G • + S = G
G = S + L G = S + • G = • + L • = S + L
G = L + S G = L + • G = • + S • = L + S
G - S = L G - S = • G - • = L • - S = L
G - L = S G - L = • G - • = S • - L = S
S = G - L S = G - • S = • - L • = G - L
L = G - S L = G - • L = • - S • = G - S
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numbers. Children were instructed to write down a number sentence for each word 
problem. A number sentence was scored as being correct when it was a mathe-
matically correct representation of the word problem. The children were given half
an hour to complete the test. 
Number sentence test
In this test 48 canonical and non-canonical number sentences were presented.
The number sentence test was constructed with the following principles in mind. In
the completed number sentence there are three numbers S, L, and G. S is smaller than
L, and L is smaller than G. One of the three numbers is unknown. When the unknown
quantity and the position of the numbers in the number sentence are systematically
varied, 24 different combinations result (see table 3.1). Each number sentence was
presented twice in a randomized order. The relative size of the numbers satisfied the
guiding principles of the word problem test. 
Raven Progressive Matrices
The Raven Progressive Matrices is a nonverbal IQ test (Raven & Summers, 1986;
Van Bon, 1986). Two versions; the Coloured Progressive Matrices (CPM) with 36
items, and the Standard Progressive Matrices (SPM) with 60 items, were used
depending on the age of the children. The Coloured Progressive Matrices was
presented to children younger than 10 years of age, whereas older children received
the Standard Progressive Matrices. The items are based upon different figural
principles of increasing complexity. Each item has a missing part, and the child has
to decide from among 6 or 8 given possibilities which one is the missing part.
Percentile scores are calculated from the number of correctly solved items. 
DMT
The technical reading skill of the children was assessed by a standardized
reading test DMT (Verhoeven, 1992). The DMT consists of three cards containing 150
words on card 1 and 2 and 120 words on card 3. The words presented on the cards
are of an increasing difficulty level. The children have to read out loud as many
words as possible in one minute for each of the 3 cards. The number of correctly
produced words is the score of the child. Based upon the scores on this test the
children were divided into two reading levels by using a split half procedure.
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User Interface
The screen consists of several areas (see figure 3.1). Most of them are visible
during the entire solution process. However, the object-supply and the number-
supply are alternately placed at the same spot on the screen. By using the “Objects-
item”, the “Number-item” in the menubar, or the “Switch” button the children are
able to change the content of this toolbox. 
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Finish the word problem
111111111111111111111111111
111111111111111111111111111
000000000000000000000000000
000000000000000000000000000
   
Mary gave John some more apples.
   
Now John has 8 apples.
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Figure 3.1: Screen layout for the medium and high structured treatment.
Furthermore, the position of the optional dialog box containing the error
messages or help messages depends on the action to be undertaken. For example,
when the child makes an error in representing a number or operator, than the dialog
box is projected on the worksheet. But when the child has to move objects on the
worksheet, than the dialog box is projected in the number sentence area. Besides
these features, the program provides several tools for manipulating and pointing.
The arrow-cursor, the draw-cursor, the eraser-cursor, the supply-box, the number
box and the help-facility are activated by clicking the corresponding menu-item in
the menubar. The arrow-cursor (the default-cursor) is used for clicking the menubar,
sentences, numbers, operators, the ready button and for dragging objects. Clicking a
sentence, number, or operator causes the program to generate the accompanying
digitized speech. The draw-cursor was used to mark sets of objects. By using the
eraser-cursor previous actions are canceled. The number-box is by default the first
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toolbox drawn on the screen. It contains numbers and operators organized in a
calculatorlike way. When the child clicks at a number or operator and the action is
considered correct by the program, the item is placed in the number sentence area
just below the worksheet. The supply-box, which is complementary to the number-
box, contains bitmaps of the objects mentioned in the word problem. When a child
does not know how to proceed, he or she can ask for help by clicking the help-item
in the menubar. The help function is spontaneously activated when the child exceeds
a time limit of 20 seconds of doing nothing or when the ready-button is clicked for
the third time without the situation being changed. Help is provided in two different
ways. When activated for the first and second time a dialog box appears, telling the
child which action has to be undertaken. The third time help is activated, the action
to be undertaken is shown to the child. For example, a child has to click the second
sentence in the word problem text. Whenever the child does something else for the
first and second time, the program generates the message “Click on the second
sentence!”. The third time the program generates this message again, and afterwards
highlights the second sentence. 
Instructional Treatment
Word problems were presented visually on the computer screen and by means
of digitized speech. Children in the HS-treatment had to build a visual representation
and to write down a number sentence matching the representational order of the
word problem. By contrast, children who received the MS-treatment, were allowed to
write down all possible number sentences in order to solve the arithmetic word
problems. These children were allowed, but not obliged, to build a visual repre-
sentation. Feedback on single steps was given when the children committed an error.
Children in the LS-treatment had to write down number sentences. They didn't have
the opportunity to visualize the problem with the aid of objects, and they were not
given feedback when they committed an error. Children in all groups were given
feedback on their performance after each session. In table 3.2 differences and
Table 3.2: Differences and similarities between the three treatment procedures.
treatment use of objects representational steps on-line feedback
HS-treatment yes fixed yes
MS-treatment yes free yes
LS-treatment no free no
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resemblances of treatments are presented. 
The problem solving strategy taught for each trial consisted of three successive
stages for children receiving the HS-treatment. The orientation stage, the represen-
tation stage and the solution stage. For children in the MS-treatment there was no
difference between the representation- and the solution stage. For children receiving
the LS-treatment, no distinction in stages was made.
The orientation stage of the instruction for the HS- and MS-treatment group was
identical. When a word problem was presented, only the word problem text was
visible and the tools in the menubar were disabled. The children were instructed to
click on the first sentence and to read it. In the meantime the sentence was displayed
in reverse video. After the action was completed a colored box was drawn around
the processed sentence. This procedure was repeated until the last sentence had been
outlined. By contrast, in the LS-treatment the children were not obliged to click on
the sentences and to listen to the word problem text. 
In the representation stage the items in the menubar were enabled and disabled
dependent on the state of the solution process. In the HS-treatment group the child
had to click on the first sentence for the second time. Afterwards the child had to
represent the information provided in this sentence with icon objects and numbers
and/or operators. Within the elaboration of a specific sentence, it was up to the
child, whether the objects or the numbers were used first. The pointing and clicking
of sentences and the representation of their content was repeated until the problem
was solved. The specific content of consecutive actions depended on problem type
and the sentence to be represented. For example, in representing the first sentence of
Change 2 (see table 3.3 for the final representation) the child had to move objects on
the worksheet to the icon of the first actor until the required number of objects is
represented. The next step was to draw a box around the objects on the worksheet
and to write down the appropriate information in the number sentence. Subsequent-
ly the child had to move some objects from the first to the second actor etc. In
contrast to children receiving the HS-treatment, children in the MS-treatment con-
dition were allowed to skip steps in the second phase, or execute them in a reversed
order. The greatest amount of freedom was, however, given in writing the number
sentence. Whereas in the HS-treatment the children had to write a number sentence
exactly matching the actual representational order of the word problems (Change,
Combine and Equalize problems) or the preferred order (Compare problems), in the 
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Table 3.3: Examples of word problems used in the study. For the high structured treatment
the taught number sentence and final visual representation, are given for each word pro-
blem type.
problem type example number
sentence
visual representation
Change 1 Kim had 3 apples. Ann gave Kim 5 more apples.
How many apples does Kim have now?
3 + 5 = •
11100011110000
Change 2 Kim had 8 apples. Kim gave Ann 5 apples. How
many apples does Kim have left?
8 - 5 = •
111111
111111
111111
000000
000000
000000
Change 3 Kim had 3 apples. Ann gave Kim some more
apples. Now Kim has 8 apples. How many apples
did Kim get?
3 + • = 8
11111111
11111111
00000000
00000000
Change 4 Kim had 8 apples. Kim gave Ann some apples.
Now Kim has 3 apples. How many apples did
Kim give to Ann?
8 - • = 3
111111
111111
111111
111111
000000
000000
000000
000000
Change 5 Kim had some apples. Ann gave Kim 5 more
apples. Now Kim has 8 apples. How many apples
did Kim have first?
• + 5 = 8
1 1
11111111
0 0
00000000
Change 6 Kim had some apples. Kim gave Ann 5 apples.
Now Kim has 3 apples. How many apples did
Kim have first?
• - 5 = 3
111
111
000
00011
11111
00
00000
Combine 1 Kim has 3 apples. Ann has 5 apples. How many
apples do Kim and Ann have together?
3 + 5 = •
111
111
000
00011
11111
00
00000
Combine 2 Together Kim and Ann have 8 apples. Kim has 3
apples. How many apples does Ann have?
8 - 5 = •
111111
111111
111111
111111
000000
000000
000000
000000
Combine 3 Kim has 3 apples. Ann also has some apples.
Together Kim and Ann have 8 apples. How many
apples does Ann have?
3 + • = 8 111111
111111
111111
000000
000000
000000
Note. The solid fill corresponds to the answer set. The darker grey corresponds to the first given set. The lighter
grey to the second. The style and fill of the sets corresponded to the boxes around the sentences in the word
problem text and the boxes numbers in the number sentence.
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problem type example number
sentence
visual representation
Equalize 1 Kim has 3 apples. Ann has 8 apples. How many
apples does Kim need to have as many apples as
Ann?
3 + • = 8
11111111
11111111
00000000
00000000
11111111
11111111
00000000
00000000
Equalize 2 Kim has 8 apples. Ann has 3 apples. How many
apples does Kim need to get rid of to have as
many apples as Ann?
8 - • = 3
111
111
000
000
11111111
1 1111
00000000
0 0000
Equalize 3 Kim has 3 apples. At first Ann had as many apples
as Kim. Now Ann has 5 apples more than Kim.
How many apples does Ann have now?
3 + 5 = •
111000
11100011110000
Equalize 4 Kim has 8 apples. At first Ann had as many apples
as Kim. Now Ann has 5 apples less than Kim.
How many apples does Ann have now?
8 - 5 = •
11111111
11111111
00000000
00000000
1111111100000000
Compare 1 Kim has 3 apples. Ann has 8 apples. How many
apples does Ann have more than Kim?
3 + • = 8 11111111
11111111
11111111
00000000
00000000
00000000
1111111100000000
Compare 2 Kim has 8 apples. Ann has 3 apples. How many
apples does Ann have less than Kim?
8 - • = 3
111
111
000
000
1111111100000000
Compare 3 Kim has 3 apples. Ann has 5 apples more than
Kim. How many apples does Ann have?
3 + 5 = •
111000
11100011110000
Compare 4 Kim has 8 apples. Ann has 5 apples less than Kim.
How many apples does Ann have?
8 - 5 = •
11111111
11111111
00000000
00000000
1111111100000000
Compare 5 Kim has 8 apples. Kim has 5 apples more than
Ann. How many apples does Ann have?
8 - 5 = •
11111111
11111111
00000000
00000000
1111111100000000
Compare 6 Kim has 3 apples. Kim has 5 apples less than Ann.
How many apples does Ann have?
3 + 5 = • 111
111
000
000
1111
1111
0000
0000
111000
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MS-treatment the children are allowed to write any number sentence as long as the
formal structure is correct. For the sake of clarity there were a few minor constraints
in the MS-treatment. The first constraint was the number of objects on the worksheet.
Except for the first step in change 5 and change 6 problems, the children were not
allowed to place as many objects on the screen as they would like. There were two
reasons for this restriction, a theoretical and a practical reason. First, we wanted to
be sure that complete sets (i.e., the first, second or question set, or a combination of
the sets) were represented by the children, in order that they would gain a better
understanding of the word problem. Second, this constraint reduces the number of
possible combinations of objects, implying that less digitized speech (using a lot of
space on the hard disk) is needed for feedback, and less complex decision rules are
needed for the program. The second constraint was that the children had to draw a
box around a given set before adding new objects to the worksheet. 
In the final stage, children in the HS-treatment group had to fill in the answer in
the number sentence. In the two other treatments, the children had to complete the
number sentence, even if they had already written down the answer. 
Results
This section consists of four main parts. In the first part we will present the
effects, in terms of correctly written number sentences, of the treatment groups and
control group on the paper and pencil test. In the second part, ATI-effects with
respect to the quantitative results on all Word Problem Posttests are presented.
Subsequently, qualitative differences in performance in relation to the children's
initial competence and treatment are shown. Finally, the results of the protocol
analysis are presented. 
Correctly written number sentences on paper & pencil word problem task
The first research question is whether children receiving one of the three
treatments outperform the children in the assessment control group in writing
mathematically correct number sentences on word problems after treatment. There-
fore, an ANCOVA with pretest score on the word problem test as covariate, and
paper & pencil posttest score as dependent variable, was conducted. This type of
analysis was used because the children within the three treatment groups were
matched, but not matched with the children in the assessment control group. The
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results show that children in the three treatment groups outperform the children in
the assessment control group on the paper and pencil posttest, F(3, 94) = 3.47, p < .05
(see figure 3.2). The prerequisites for analysis of covariance, regression of the depen-
dent variable on the covariate
and parallelism between regres-
sion lines, are met.
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Figure 3.1: Proportion correctly written number sen-
tences on paper and pencil posttest. Error bars indicate
standard error.
Additional analysis reveal-
ed that the number of correct
answers was slightly higher
(5.1% on pretest and 4.5% on
paper and pencil posttest) than
the number of correctly written
number sentences. In addition,
a correlation of .91 and .87 was
found between correctly
written number sentences and
correct answers on word pro-
blem pre- and posttest.
Equalize & Compare problems
In order to test the hypothesis that the three treatments increase the performance
of the children on the Equalize and Compare problems, an ANCOVA with correctly
written number sentences as dependent variable was conducted. A significant main
effect for TREATMENT  F(3,94) = 3.04, p < .05 was found. Children in the three treat-
ment groups, LS, HS and MS, outperformed children in the assessment control group.
As before, the prerequisites of analysis of covariance were met. 
Difficulty level of word problem types
As shown in table 3.4, Change 1, Combine 1, Equalize 2, Compare 2, Compare 3
and Compare 4 problems were solved correctly in more than 75% of the cases by the
three treatment groups on the paper and pencil posttest. Most difficult problems
after treatment were Compare 1, 5 and 6. Furthermore, the children receiving
treatment improved more than 30% on the Change 3, 5, Combine 3, Equalize 1, 2, 4,
Compare 2 and 4 word problems. 
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Performance, aptitude and treatment
The hypothesis, that children with low competence will benefit more from a HS-
treatment and highly competent children will benefit more from a MS-treatment, was
tested by way of an ANOVA procedure with TREATMENT (3 levels) and initial COMPE-
TENCE (2 levels) as between subject factors, and the proportion correctly written num-
ber sentences on the four posttests as dependent variables. Competence level was
defined by using a split-half procedure on the pretest scores of the children selected.
Contrary to the expectation the analysis failed to show an interaction effect between
TREATMENT and initial COMPETENCE, F(8,128) < 1, ns. A main effect was found for
initial COMPETENCE, F(4,64) = 4.72, p < .05, but not for TREATMENT , F(8,128) < 1, ns.
Highly competent children outperformed children with low competence on all
posttests. Therefore, it may be concluded that initial competence is a more powerful
Table 3.4: Proportion correctly written number sentences on paper and pencil tests split
by treatment and problem type.
problem
type
paper and pencil pretest paper and pencil posttest
AS LS MS HS AS LS MS HS
CH 1 .750 .750 .808 .740 .962 .864 .846 .960
CH 2 .500 .682 .596 .660 .385 .682 .692 .720
CH 3 .135 .227 .231 .260 .308 .636 .769 .560
CH 4 .365 .386 .596 .540 .385 .682 .692 .800
CH 5 .154 .273 .250 .260 .269 .591 .654 .600
CH 6 .423 .500 .538 .420 .654 .545 .462 .640
CB 1 .865 .909 .942 .940 .885 .818 .808 .920
CB 2 .269 .227 .269 .280 .154 .500 .577 .680
CB 3 .115 .115 .269 .320 .154 .500 .577 .480
EQ 1 .115 .159 .212 .180 .308 .591 .500 .600
EQ 2 .365 .365 .404 .300 .500 .818 .846 .760
EQ 3 .788 .750 .769 .680 .962 .682 .577 .720
EQ 4 .423 .432 .404 .360 .577 .818 .769 .720
CP 1 .500 .409 .423 .400 .269 .500 .462 .360
CP 2 .481 .523 .481 .500 .500 .773 .885 .880
CP 3 .654 .750 .596 .700 .923 .773 .923 .800
CP 4 .519 .432 .462 .400 .538 .909 .846 .760
CP 5 .096 .227 .038 .140 .231 .409 .577 .400
CP 6 .385 .477 .404 .420 .654 .591 .423 .560
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predictor for performance on the posttest(s) than the combination of initial competen-
ce and type of treatment.In the previous section competence was defined by using a
split half procedure on the word problem pretest.
In the following section we will examine the effects of schooltype, reading level
and nonverbal intelligence in relation to treatment for the following reasons. First, in
the Netherlands children are said to attend schools for learning disabled children
when they have a learning problem in a specific domain (e.g., reading or arithmetic),
but have no educational lag in other domains. Although under heavy debate, the
discrepancy hypothesis is used as a criterion to define dyslexia (e.g., Siegel, 1986,
1989; Dumont, 1982) and accordingly used as a selection criterion. Children diag-
nosed as being dyslectic attend schools of the former type. Children attend schools
for educable mentally retarded when they are far behind in several domains (e.g.,
reading and arithmetic). Since reading skill and (nonverbal) intelligence are taken
into account in the selection procedure, a wide variety of intellectual profiles can be
found in the population attending both types of schools. It is possible that this
variety of child characteristics may influence the performance of the children and
even interact with treatment. Clark (1990), for instance has pointed to the threat of
differential impact of Treatment and Aptitude in educational practice. 
 Schooltype
In order to test the assumption that there would be no interaction between
SCHOOLTYPE (schools for children with learning deficiencies and schools for educable
mentally retarded children) and TREATMENT, an ANOVA with SCHOOLTYPE as between
subject factor and the four posttests as dependent variables was conducted. The
analysis revealed no significant interaction between TREATMENT and SCHOOLTYPE F(8,
64) < 1, ns, although there was an effect for Schooltype, F(4,64) = 2.65, p < .05. Edu-
cable mentally retarded children outperformed children with learning deficiencies.
Although there was a significant difference between the two groups of children, the
difference was small. On average children with learning deficiencies had 64.2%
correctly written number sentences, whereas educable mentally retarded children
had 64.7% correct. 
Reading Skill and nonverbal IQ
An ANOVA was conducted in order to estimate the influence of READING  SKILL
and NONVERBAL IQ on word problem solving competence. The number of correctly
written number sentences on the posttests again served as dependent variable.
TREATMENT, READING SKILL, and NONVERBAL IQ, both with levels high and low, served
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as independent variables. The analysis revealed a main effect for NONVERBAL IQ, F(4,
64) = 4.52, p < .05, a trend for READING LEVEL, F(4, 54) = 2.17, p < .10. Children with
high nonverbal IQ outperformed children with low nonverbal IQ. Although no
significant interactions were found, there was a trace of an emerging pattern. Child-
ren with contrasting discrepant intellectual profiles - i.e., children with high nonver-
bal IQ and low reading skill vs. children with low nonverbal IQ and high reading
skill seemed to react different to treatment. The first group of children seemed to
benefit more from the visually oriented HS- and MS-treatment, whereas the second
group seemed to benefit more from the nonvisually oriented LS-treatment. Reana-
lysis of the posttest data with high nonverbal IQ/low reading skill and low nonver-
bal IQ/high reading skill and visually oriented treatment with two levels, as
between subject factors revealed a significant interaction with treatment F(4, 35) =
3.36, p < .05. 
Qualitative differences in choice of number sentence type
In the previous section, we presented the quantitative results, or the effect of the
treatments on posttest performance. In the next section we will address the question
whether the treatments produce different qualitative results such as: the correspon-
dence between taught and preferred number sentences, the type (open or closed)
and variety of number sentences used, the errors committed and the solution
strategies used. Because initial competence influences the posttest performance of
the children, this factor was taken into account in the forthcoming analyses. 
Taught number sentences
Children receiving the HS-treatment were taught during treatment to use specific
number sentences for the different word problem types, whereas children in the MS-
and LS-treatment were allowed to use alternative number sentences. Therefore, it
may be expected that the used number sentences on the posttests of children
receiving the HS-treatment have a higher correspondence with the taught number
sentences during treatment. An ANOVA with TREATMENT  as between subject factor
and number of corresponding number sentences as dependent variable on all
posttests showed an effect for TREATMENT  F(8,120) = 5.08, p < .05. As expected the
children in HS-treatment used the taught number sentences significantly more often
(75.7% of the cases) than the children in the MS-treatment (58.8%). Children receiving
the LS-treatment used them in 68.8% of the cases. Although there was a trend, no
significant difference was found between the LS-treatment and HS-treatment. Initial
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COMPETENCE did not influence the use of taught number sentence, neither did the
interaction between initial COMPETENCE and TREATMENT. 
Open or closed number sentences
A related issue is the question what type of number sentences the children prefer
to use after treatment. Four main categories of number sentences can be distinguish-
ed, when the possible number sentences are divided according to the factors TYPE OF
OPERATION used (with levels Addition and Subtraction) and TYPE OF REPRESENTATION
used (with levels Open and Closed number sentences). In order to estimate the
preference of the children for certain types of number sentences, an ANOVA was
carried out with the number of occurrences of the four subtypes in case of correct
notation as dependent variable. TYPE OF OPERATION and TYPE  OF REPRESENTATION
served as within subject factors, and TREATMENT and initial COMPETENCE served as
between subject factors. The tests of the between-subjects effects showed no differ-
ences for TREATMENT  (F(2,67) < 1, ns), initial COMPETENCE (F (1,67) < 1, ns) and the
interaction between TREATMENT and initial COMPETENCE ( F(2,67) = 1.33, ns). Within-
subject analysis revealed a main effect for TYPE OF OPERATION F(1,67) = 11.75, p < .05
and for TYPE OF REPRESENTATION  F(1,67) = 25.66, p < .05. In general, children use an
addition operation and a closed number sentence. An interaction was found between
TREATMENT, initial COMPETENCE and TYPE  OF REPRESENTATION  F (1,67) = 3.96, p < .05.
Furthermore, a trend was found in the interaction between TYPE OF OPERATION and
TYPE OF REPRESENTATION F(1,67) = 2.88, p < .10. The children tend to prefer to use a
direct addition operation. No other significant interactions were found. Because of
the significant interactions found, an additional simple effect analysis with compe-
tence level as split factor was performed. The results showed again main effects for
TYPE OF OPERATION F(1,67) = 11.70, p < .05 and TYPE OF REPRESENTATION F(1,67) = 25.57,
p < .05. An interaction between TREATMENT and TYPE OF REPRESENTATION was found
within the low competence group F(2,67) = 3.55, p < .05. Initially low competent
children receiving the MS-treatment did use closed number sentences in 52% of the
cases, whereas children from the LS-treatment and the HS-treatment groups used
open number sentences in 76% and 71% respectively. But in general the children
preferred to use closed number sentences and the favorite operation was addition. 
Flexibility in using alternative number sentences
Highly competent children are able to use and understand more alternative
number sentences when confronted with a word problem solving task (Carey, 1991).
The MS and the LS-treatment allows children to use a wider variety of alternative
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number sentences in the process of word problem solving, but the HS-treatment
forces the children to use more different types of number sentences. So it may be
questioned what the effect of treatment and initial competence is on the use of
alternative number sentences. Therefore, we counted the different kinds of number
sentences used by the children on each posttest. We hypothesized that there is an
effect of Competence level: Highly competent children will use more different kinds
of number sentences. Since the effect of TREATMENT  is unclear, with respect to the
number of alternative number sentences, it has to be examined. An ANOVA yielded
the following results. Highly competent children indeed use more types of number
sentences than Low competent children, F(4, 64) = 2.86, p < .05. Although there was
a trend, no significant differences for TREATMENT were found (F(8,128) = 1.94, p < .10).
Children receiving the HS-treatment use more alternative number sentences than
children receiving one of the other treatments. No interaction was found between
TREATMENT and initial COMPETENCE, F(8, 128) = 1.24, ns. 
Error reduction
error category pretest posttests
LS MS HS LS MS HS
No answer .050 .096 .095 .006 .006 .001
Only answer .013 .025 .021 .011 .020 .021
Given number .009 .017 .026 .015 .017 .019
Bad notation .007 .005 .005 .001 .002 .005
Subtract given .115 .082 .120 .100 .077 .088
Add given .347 .322 .284 .235 .230 .199
Table 3.5: Proportion of errors committed on pretest and posttests split by errortype and
treatment (LS = low structured, MS = medium structured & HS = high structured).
The question whether the different treatments reduce or elicit specific error types
was tested using an ANOVA with the number of specific error types on the posttest
as dependent variable. TREATMENT and initial COMPETENCE served as between subject
variables, and ERROR TYPE  as within subject variable. An effect for ERROR TYPE was
found F(4, 128) = 108.07, p < .05, and a trend for ERROR TYPE by initial COMPETENCE F(4,
64) = 3.80, p < .05. No other interactions were significant. In table 3.5 the error types
made on pretest and posttest in solving word problems are shown. The most
common error was the ‘Add Given’ error. The largest error reduction was found in
this category. In contrast with the findings of other research (e.g., Jaspers & Van
Lieshout, 1994) counting errors were not found. In summary: almost all errors
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committed had to do with the mathematical operation performed.
Protocol analyses
In order to estimate the effects of different treatments and initial competence on
the strategies the children use in solving word problems, a process analysis of the
second posttest was carried out. In this posttest the children in the HS - and MS
structured treatment had the opportunity to visualize the word problem just as they
had done in the training stage. An important difference was the absence of con-
straints in the representational form, and the order of the solution process. Besides
these features, no feedback was given.
Because the children in the LS-treatment didn't have the opportunity to use
objects, the children in the MS-treatment were not forced to use objects and the
children in the HS-treatment were obliged to use objects, we will split this section
into two parts. In the first part we will take a closer look at the procedures in
representing the word problem, used by the children in the HS- and MS-treatment. In
the second part we will compare features, such as looking for information and the
use of iteration of steps in the solution procedure shared by all three treatments.
HS- and MS-treatments
We looked at two different aspects of the data. First, the different actions such as
looking for information, representations with objects, drawing sets, or represen-
tations with numbers, were summarized for each participant. Each action was
recorded when the child clicked somewhere on the screen with the pointing device. 
Table 3.6: Proportion of strategies used on the process posttest split by treatment and
initial competence.
strategy LS MS HS
Low High Low High Low High
Info+ Obj- Iter- .570 .722 .213 .333 .066 .134
Info+ Obj- Iter+ .257 .102 .005 .000 .018 .173
Info+ Obj+ Iter- • • .387 .205 .205 .058
Info+ Obj+ Iter+ • • .024 .021 .398 .413
Info- Obj- Iter- .162 .165 .213 .004 .248 .078
Info- Obj+ Iter- • • .147 .151 .062 .081
Info- Obj+ Iter+ • • .014 .000 .005 .062
Note: The • indicates an impossible combination. Info = Information seeking, Obj = Use of objects, Iter = Use of
iterative procedures
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It was expected that children in the MS-treatment, compared to the children of the HS-
treatment, would use less actions, such as clicking and manipulating of objects, in
solving the word problems, simply because of the fact that they were taught less
complex representation procedures. To test this hypothesis an ANOVA was carried
out with the number of specific actions performed as dependent variable, and
Treatment, with levels HS- and MS as independent variable. It was found that child-
ren participating in the HS-treatment did use more actions to complete the external
representation of the word problem text, F(8, 42) = 3.89, p < .05. 
Second, the solution procedures used, were categorized along three main strate-
gies, each with two levels: Presence or Absence. The three dimensions were: (1)
Looking for Information (i.e., clicking on sentences), (2) Use of Objects and (3) the
Use of an Iterative procedure. The combination of these dimensions resulted in
seven main strategies1 (see table 3.6). For example: in the Info+Objects+ strategy the
children looked first for information and constructed an external representation of
the word problem text, and finally created a number sentence. In the Info+Objects+
Iter+ strategy children repeated the aforementioned actions repeatedly. An ANOVA
with the average use of each of the aforementioned strategies as dependent vari-
ables, STRATEGY as within subject factor, and initial COMPETENCE  and TREATMENT  as
between subject factors yielded the following results. Within subject analysis
showed an effect for STRATEGY, F (6,42) = 41.63, p < .05 and an interaction effect for
TREATMENT by STRATEGY, F (6,42) = 8.86, p < .05. No further interactions were signifi-
cant. Most favorite strategies were strategies in which information seeking and the
use of objects was present. Children from the HS-treatment preferred more often an
iterative strategy, whereas children from the MS-treatment did not. These results give
some indication that the taught strategy was commonly used during the process
word problem test. 
To test the hypothesis that choice of strategy may influence the results, a
Multiple Regression Analysis was carried out. The results showed that none of the
used strategies correlates high with the score on the process word problem test and
none of the correlations was significant. 
1Theoretically there are eight possible combinations, but the Iterative dimensions requires the
existence of at least two other procedures (e.g., Writing part of the number sentence and looking for
information). 
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All treatments
Although the three treatments are not comparable with respect to the use of
objects it is possible to compare them with respect to information seeking- and
iterative procedures. In general, competent problem solvers tend to look more often
for information, whereas novices are often characterized by incomplete information
seeking procedures (e.g., Van Lieshout, 1994). Therefore, we expected that highly
competent children would look more often for information than low competent
children. It was also expected that an interaction between treatment and competence
might exist, because highly competent problem solvers tend to look more often for
information, and the children in the LS-treatment were not instructed explicitly to
look for information. Analysis of variance with number of occurrences of infor-
mation seeking (clicking on sentences) in the word problems as dependent variable
and TREATMENT with three levels, showed no confirmation for the hypotheses. There
was no effect for TREATMENT, F(2, 67) = 0.24, ns, nor for initial COMPETENCE, F(1, 67) =
2.44, ns, nor was there an interaction effect, F(2, 67) = 0.39, ns. Although not signifi-
cant highly competent children tend to look more often for information than low
competent children. 
The use of iterative procedures was also tested with TREATMENT and initial
COMPETENCE as between subject factors. The results of the MANOVA showed that
children receiving the HS-treatment used an iterative procedure more often than
children receiving one of the other treatments F(2, 67) = 18.85, p < .05. A trend in the
interaction between initial COMPETENCE and TREATMENT was found F(2, 67) = 2.50, p <
.10. Highly competent children in the HS-treatment more often use an iterative
strategy than low competent children, whereas in the LS- and MS-treatment low
competent children show a tendency to use more often an iterative strategy than
highly competent children. 
Discussion
The results of this study support the hypothesis that children with learning
deficiencies can be taught to write down and use (open) number sentences in order
to solve simple word problems. The children in the three treatment groups outper-
formed the children in the assessment control group. The performance of the child-
ren receiving treatment was also increased on the difficult Equalize and Compare pro-
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blems. Therefore, the conclusion may be drawn that the treatments are an effective
way of remediating difficulties in solving simple arithmetic word problems. 
Furthermore, it was found that initial competence, schooltype and nonverbal IQ
of the children play a role in writing correct number sentences on the word problem
tests. However, no interaction was found between treatment and initial competence. 
Despite the fact that the three treatments had no differential effect on the
performance of the children, the conclusion has to be drawn that the treatments
induce qualitatively different strategies. Children receiving the HS- structured treat-
ment used much more Iterative strategies than children from the MS and the LS-
treatment. They also more often used the taught number sentence, and there was a
trend that they used more different kinds of number sentence types. At present it is
unclear whether these qualitative differences have an impact on the performance of
the children in the long run, or whether they reflect to some degree the ‘demand
characteristics’ of the treatments. Children receiving treatment on average used the
taught number sentences in more than 68% of the cases, whereas the children in MS-
treatment used it in only 58% of the cases. As shown in table 3.3 the structure of the
word problem has a large influence on the choice for a particular number sentence.
In general, children more often preferred a direct number sentence. A difference was
found between competence levels concerning the variety of used number sentences.
Highly competent children used more different types of number sentences than the
other children. Moreover an interaction was shown between the preference for open
or closed number sentences, treatment and initial competence. Children in the MS-
treatment with low Initial Competence tend to use more open number sentences
than low competent children from the LS- and HS-treatment groups. 
Furthermore, it was found that the performance on the difficult Equalize and
Compare word problems was raised by teaching number sentences. The children in
the treatment groups outperformed the children in the assessment control group.
The semantic structure of the word problem still has an effect on the number of
correctly written number sentences on the posttest(s) after treatment. The Change 6,
Equalize 1, Compare 1, Compare 5 and Compare 6 were the most difficult word
problems. Almost all errors made had to do with an incorrect operation involved.
Addition of given numbers when a subtraction was needed, was the most frequent
error made on pretest and posttest. A possible explanation may lay in the fact that
the more difficult word problem types were not trained by all children, since they
had some trouble in mastering the easier word problem types (as tested in the probe
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sessions). Due to this fact some misconceptions on particular word problem types
may still exist. There was no interaction between treatment and error type. There-
fore, it may be concluded that the different treatments did not elicit different errors.
Highly competent children made different errors than low competent children. 
One of the main topics of the present study concerned the question, whether
high achieving children benefit more from a LS-treatment, and low achieving child-
ren more from a HS-treatment. No empirical evidence was found for such an apti-
tude treatment interaction. How can this be explained? Computer assisted in-
struction requires the use of two qualitatively different learning processes. The child
has to learn (1) how to interact with the user-interface, and (2) domain specific know-
ledge for solving word problems. Each of the learning processes takes attention, time
and energy. When mastering the interface consumes a lot of energy and attention,
less is left for learning to solve word problems. Perhaps the representational rules
used in the HS-treatment are too complex. If this is the case the child has to spent too
much time, energy, and attention on learning the rules of the game. Memory
overload can also be caused by the fact that the child looses track of the main goals
in the solution process, because he or she has to process too many subgoals before
reaching a solution. Highly competent children, as opposed to low competent
children, can afford to put less effort in the learning of word problems and may
experience little harm from these threats.
Reading skill and nonverbal IQ appear to have some influence on word problem
solving skill. Good readers outperform poor readers in performance on the word
problems. Good readers are perhaps better in constructing an adequate situation
model because they are more skilled in processing the textbase. Because good
readers are able to extract the essential information easily, they don't have to rely on
spurious methods like looking for the given numbers and guessing what operation
to use. It is not clearly understood in which part of the solution process nonverbal IQ
is involved. In general nonverbal IQ is seen as the g-factor, reflecting general
problem solving skills. Does nonverbal IQ influence the process of constructing an
adequate situation model, the translation to a formal mathematical model or both?
Further research is needed in order to answer these questions. A related issue will be
the question whether we need treatments adapted to the existence or absence of the
aforementioned skills. 
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Although no differences in effectiveness were found between the three treat-
ments, it can be concluded that the use of number sentences can be helpful in
teaching arithmetic word problem solving to children with learning deficiencies
given the increase of correct answers and number sentences. However, some
remarks have to be made. 
First, Bebout (1990) advocates the use of open number sentences, which reflects
the semantic structure of the word problem, for beginning word problem solvers. In
this study we found that children had a strong tendency to use closed number
sentences, preferably addition number sentences. Exceptions were the Change 3, 5
and Combine 3 word problems, which often trigger an open number sentence with
addition. Although semantically the same as Change 3 and 5, except for the direction
of the operation, the Change 4 and 6 word problem more often activate the use of a
direct number sentence. Furthermore, it was found that the highly competent
children use a greater range of types of number sentences. The latter finding is in
agreement with the findings of Carey (1991), who showed that competent children
are able to use and identify alternative number sentences. Therefore it may be
argued from a theoretical and practical point of view that a guided instructional
procedure in which the computer program complies to the (correct) strategies of the
child is preferable. 
The second remark has to do with the fact that from a mathematical viewpoint
an open number sentence does not provide a direct solution because the ‘unknown’
has not been isolated yet on either site of the equation. To overcome this difficulty
the number sentence has to be transformed into a closed number sentence. However,
children often solve some subtraction word problem types, such as the Change 3,
with a ‘counting up’ from smaller strategy (Briars & Larkin, 1985; Verschaffel, 1983).
The open number sentence structure reflecting the representational order of this
word problem, provides the child with a good opportunity to use a counting up
from smaller strategy, in case the child is not able to transform the open number
sentence into a closed number sentence. Thus, the use of open number sentences
doesn't have to be harmful for the solution process, because it enables children to
rely on informal counting strategies. 
Furthermore, it might be argued that there is a difference between writing
number sentences and writing answers as dependent variable. We will put forward
two arguments in favor of using number sentences. The first argument is that using
number sentences is the first step in solving more complex two- or three-step word
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problems. It offers the child the possibility to abstract the mathematical structure of a
word problem. The formalization of the word problem offers the opportunity to use
mathematical tools and symbols in order to solve the problem. Second, the use of
number sentences can give more specific information about the conceptual deficits of
the children in case they are not able to solve the problem. When a child starts with
the smallest given number in a word problem like the Compare 1 - in which the
difference between the smallest- and the largest given number has to be calculated -
and subsequently writes down the minus sign, we know that the child has some
conceptual understanding of the word problem. If the number sentence is completed
and the result set is 0, it can be concluded that the child knows that the difference
has to be calculated, and that the order of writing the number sentence causes the
difficulties for the child. 
One of the main differences between the LS-treatment on the one hand, and the
HS- and MS-treatment on the other hand is the absence of use of objects. The use of
objects in arithmetic and arithmetic word problem solving is widespread. Studies
show that toddlers are able to solve word problems like Change 1 and Combine 3, if
they are given the opportunity to use concrete objects (Carpenter, Hiebert, & Moser,
1981; De Corte & Verschaffel, 1982). In addition, it was found that children entering
the first grade of elementary school, experience a setback in performance on these
word problems, due to the introduction of mathematics. Following this line of
thought the HS- and MS-treatments were developed. In these treatments we tried to
link the use of objects (an informal external representation) to the use of formal
mathematical representations like number sentences. 
It might be questioned, however, whether the informal representation is a
prerequisite for teaching arithmetic word problem solving to children from special
education. Given the results of our study it seems as if they don't experience
additional benefits from the external representation. How can we explain this
phenomenon? One explanation might be the fact that many children in the Nether-
lands enter regular elementary school before being transferred to schools for special
education. In the elementary school they possibly have learned how to add and
subtract. As a matter of fact the selection of the children was based on their number
sentence solving skills. When the children knew that they had to select the proper
operation with the given numbers, it is possible that they didn’t see the additional
benefits of the pictorial representation. Maybe they even thought it was childish to
71
Chapter 3
do so. Furthermore, the word problems were presented by written text and by using
digitized speech. Research of Montali and Lewandowski (1996) showed for instance
that less skilled readers benefit more from a training which uses digitized speech. As
a result they perhaps don't need objects in order to learn to solve simple word
problems anymore. If this is the case, the progress they made in solving simple
arithmetic word problems is due to a deeper processing of the word problem text. 
Another explanation might be found in the solution process of word problems as
pictured by Reusser (1990). In his model of arithmetic word problem solving, which
reflects the work of Kintsch et al. (1985, 1986) and Kintsch and Greeno (1985) on text
comprehension, several stages of the solution process are distinguished. Reusser
divides the solution of arithmetic word problems into five intertwined stages: text
comprehension, situation comprehension, mathematization, calculation and answer
interpretation. The use of objects heavily focuses on constructing a correct situation
model. Perhaps for most word problems children are already able to build the
adequate situation model. In that case they may have difficulties in extracting the
mathematical representation from this situational model. Some justification can be
found for this point of view. First, the fact that the children often commit errors with
the kind of operation needed. Second, the observation that in the pretest some
children did not understand the link between the word problem and the number
sentence. Typical errors of these children were number sentences that were not
related to the word problem presented, e.g., when the given numbers were 3 and 5
and an addition was required, the children sometimes wrote down number sen-
tences such as 1 + 1 = 2. This is in line with the findings of De Corte and Verschaffel
(1986). Somehow they were not able to translate their understanding of the word
problem into a number sentence in which the given numbers appeared, or didn't see
the connection between writing number sentences and solving the word problem. 
A final explanation, may be found in the fact that there is no one-to-one cor-
respondence between the external representation with objects and the possible
number sentences. Although all word problems considered here can be presented in
a part-whole scheme, the rules of mathematics and the rules of Venn-diagram like
presentations do not correspond directly. In number sentence construction the
previous step constrains the range of possible current steps. Take for instance the
Change 1 word problem, with given numbers 8 and 5, suppose the child starts with
the representation of the 8 in the number sentence, while the algebraical rules don't
permit the child to write a minus-sign. Suppose the child puts 8 objects on the
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worksheet, subsequently he or she may draw a box around 5 or 8 objects. In the case
of the external representation the child is not hindered by mathematical rules as long
as he or she sticks to the part-whole scheme. Due to this difference in rules it can
tentatively be explained that the children receiving the HS- and MS-treatment didn't
outperform the children in the LS-treatment. 
In light of these explanations it seems worthwhile to do additional research on
the relative effects of writing number sentences and use of concrete objects in arith-
metic word problem solving in special education. More specifically, does a treatment
in which formal representations are explicitly linked to external representations
foster word problem solving competence more than a treatment in which only one of
these components is present?
At present it remains unclear what the effect of the treatments will be in the long
run. The process analysis showed that the children use qualitatively different
approaches in solving the word problems. A question to be solved is, for instance,
the effect of iterative vs. linear methods of problem solving. Furthermore, since there
was no difference in effectiveness of the treatments, it is unclear what the exact
nature is of the effect of using materials and number sentences. 
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Cartoons and rewording in arithmetic word problem solving
Introduction
Since the work of Comenius, visualization is used as a powerful device to
transfer knowledge in educational contexts (cf. Schnotz, Zink & Pfeiffer, 1995).
Several investigations have demonstrated the usefulness of schematic drawings (e.g.,
Lindvall, Tamburino, & Robinson, 1982; De Corte & Verschaffel, 1985; Willis &
Fuson, 1988) or the presence of concrete aids in arithmetic word problem solving,
particularly for young children. Ibarra and Lindvall (1982) investigated the influence
of presenting simple addition and subtraction word problems with various degrees
of concrete aids to kindergarten children. Word problem solving performance
proved to be higher when the experimenter provided more concrete aids. Jaspers
and Van Lieshout (1989a,b, 1994b,c) investigated whether blocks can be utilized in
the teaching process of children with learning problems. The results of these studies
indicated that the performance of the children in solving word problems increased
significantly during the training. This suggests that the use of objects during the
instruction process may help children with learning problems to construct more
adequate internal representations of word problems. A similar goal may be reached
by instructing the child to generate drawings (Van Essen & Hamaker, 1990; Van
Essen, 1991), or to provide them with word problems in pictorial format (Threadgill-
Sowder & Sowder, 1982). Van Essen and Hamaker (1990), and Van Essen (1991)
reported a study in which first, second and fifth graders were encouraged to
generate drawings of arithmetic word problems. The results indicated that the fifth
graders improved their performance after the intervention, whereas the first- and
second graders did not. Threadgill-Sowder and Sowder (1982) showed some eviden-
ce that pictorially presented word problems are easier to handle for the children than
word problems presented in text format.
Using objects as a first step in education is also advocated by the Russian
psychologist Gal'perin. In his triarchic model of development Gal'perin (1969)
distinguishes three successive stages in acquiring problem solving skills. The first
stage consists of external manipulation of concrete objects used in the problem. In
the second stage the solution of the problem is verbalized and in the final stage the
75
Chapter 4
solution process is internalized. This theory suggests another way to make word
problem solving easier, i.e., by rewording the original problem.
Rewording or paraphrasing the word problem is used in two ways in studies in
the domain of word problem solving. Some researchers let the child reword the
original problem text, while others reformulate the word problem text before
offering them to the children. Examples of the latter type can be found in the work
De Corte, Verschaffel and De Win (1985).
Examples of rewording by the child can be found in the work of Verschaffel
(1984, 1992, 1994), De Corte and Verschaffel (1986, 1987c). In the studies of these
authors children were presented with a written word problem of the Riley, Greeno
and Heller types (1983). The interviewer read the word problem aloud. The children
were subsequently asked to restate the word problem, to solve the word problem, to
replay the word problem with dolls and blocks and to write the corresponding
number sentence, when they did not succeed in solving the word problem. The
authors have shown that rewording of the word problems is an adequate strategy in
the solution process. Rewording may help children to use a less shallow text
processing strategy which makes the semantic relations more explicit for the child
and, therefore, may facilitate the construction of a situation model. Furthermore, in
the research of Davis-Dorsey, Ross and Morrison (1991) it was found that second
graders benefited from a combination of personalization and rewording, but fifth
graders didn't benefit from a rewording strategy.
In the previous section, we have seen that teaching the children to use a pictorial
or a verbal representation of the problem text, may increase word problem solving
performance of children (from special education). Rewording is seldom used as an
intervention in special education. In contrast, concrete objects as manipulatives are
often used. It may be questioned whether there will be a spontaneous increase in
performance when children from special education are asked to represent the word
problems visually, or to retell the word problem. Using pictures (and contexts) has
been stressed from realistic and/or constructivistic approaches to mathematics
learning. Furthermore, peer tutoring requires  rewording or verbalization of the
(word) problem. Beirne - Smith (1991) provided some evidence for the effectiveness
of peer tutoring in special education. Therefore, it is hypothesized that children with
learning problems perform better on word problem solving tasks when these
children have to use pictorial representations of the word problem text or when they
have to reword the problem. If so, the effectiveness of these feature(s) may be
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investigated in future training studies on arithmetic word problem solving for
children from special education.
However, some questions remain unanswered. First, it is not entirely clear
whether the tasks used are suitable for all children with learning problems. Clark
(1990), for instance, pointed out some unexpected ATI-effects in several studies in
the domain of arithmetic. According to Clark, these effects are often due to the
interactions between type of treatment and the different levels of crystallized and
fluid ability. Fluid ability refers to flexible adaptation to novel learning tasks and is
represented by scores on the Raven Progressive Matrices. Crystallized ability
represents the skill of the child on familiar school-based tasks. Furthermore,
Morrison and Siegel (1991) stated that many studies in the domain of arithmetic fail
to distinguish between reading disabilities and specific arithmetic disabilities. These
authors argued that there are clear differences between these groups in cognitive
processes, such as short-term and working memory and in neuropsychological
processes such as visual spatial analysis, nonverbal concept formation, and visual
perceptual organization.
In a longitudinal study Fennema and Tatre (1985) investigated how boys and
girls, who were discrepant in their spatial and verbal performance, used spatial
visualization in solving word problems. These authors found that children with
higher verbal abilities verbalized the relevant information better than children with
lower verbal abilities. The better verbalization tended to occur regardless of the
correctness of the solution. Furthermore, they found that high visualization and low
verbalization children tended to translate symbols into pictures more completely
than low visualization and high verbalization children. In addition, Fennema and
Tatre suggested that children with low spatial visual skills and high verbal skills are
less able to draw and use pictorial representations than children with high spatial
visual skills and low verbal skills.
These findings seem to fit with the dual code theory (DCT) of Paivio (1971, 1986),
Clark and Paivio (1991), Johnson, Paivio, and Clark (1989), Thompson and Paivio
(1994). The DCT  posits that there are two basic coding systems for representing
information in memory, the verbal- and the imaginal system. The verbal system
contains visual, auditory, articulatory, and other modality specific verbal codes such
as words like “books”, “mathematics” etc. These word-like codes are arbitrary
symbols that denote concrete objects and events. Visual information is stored as
sequential verbal descriptions. Nonverbal representations include modality specific
77
Chapter 4
images for shapes, environmental sounds, actions and other non-linguistic objects
and events (Clark and Paivio, 1991). Mental images can also undergo a dynamical
transformation, which is not possible in the verbal system, such as the mental
rotation of a three dimensional model. Cross referential connections exist between
the two systems. The referential connections join corresponding verbal codes and
imaginal codes. Within the two systems associative links are postulated. In the
verbal system “school” might be related to learning, frustration, anger and so on. In
the nonverbal system links may exist between a football and a stadium or a roller
coaster and nausea. Processing assumptions of the DCT  encompass variation in
activity of the verbal and nonverbal system, the central role of past experience, the
pattern of activation is determined in part by instruction and other moderating
contextual influences (Clark and Paivio, 1991).
Still, there are some difficulties with the DCT in relation to the representation of
information in memory (Anderson, 1980; Pezdek, 1977). The DCT posits, for instance,
that information is stored in a subsystem that is sensory modality specific, Anderson
presents some evidence that the storage of information in memory is less sensory
modality specific and might best be characterized in the form of propositional
representations. Anderson’s objections with respect to the DCT are related to the fact
that in several studies, it was shown that people often do not recall the physical
details of the text or picture presented, but do remember the meaning of the
information given. However, the existence of memory for verbal and visual infor-
mation is not completely denied by Anderson, but the verbal or visual properties of
the information given dissolve after some time.
Some authors have linked problems in solving and understanding arithmetic to
neurological deficiencies (DeHaene & Cohen, 1995; Rourke, 1993). The triple-code
theory of DeHaene and Cohen, (1995) assumes that there are three categories of
mental representations in which number sentences can be manipulated in the brain:
(1) the visual Arabic number form, (2) the verbal word frame and (3) the analogous
magnitude representation. In the visual Arabic number form numbers are repre-
sented as strings of digits on an internal visual-spatial scratch pad. Numbers are
presented in the verbal word frame as syntactically organized sequences of words.
The meaning of numbers is presented in the analogical magnitude representation.
DeHaene and Cohen picture this representation as an internalized number line.
Furthermore, they posited that Arabic and magnitude representations of numbers
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are available to both hemispheres, but that the verbal representation that underlies
arithmetic fact retrieval is available only to the left hemisphere.
The aforementioned studies suggest that at least two functional subsystems, a
verbal and a nonverbal, may be used in the process of arithmetic word problem
solving. It may be argued that an impairment in or a preference to use one of these
systems may lead to problems in the domain of arithmetic and/or arithmetic word
problem solving. For instance, an impairment in the verbal subsystem may lead to
formation of an incomplete situation model in the process of text comprehension. In
this case a nonverbal or pictorially oriented task may be beneficial. As shown in the
Fennema and Tatre study, girls tend to use a more verbally oriented representation.
For these children a verbally oriented task may be more effective. A task in which
the non preferred or impaired system has to be used may lead to specific errors. If
the internal representation has two modalities, a verbal and a nonverbal one, it is
possible that children with different profiles or preferences will perform differently
on a task in which they have to visualize the word problem than on a task in which
they have to verbalize it. Since it is expected that some children with learning
problems may have an impairment in one of the two systems, it may be worthwhile
to investigate the effects of visualization and verbalization tasks on word problem
solving for these children1.
In summary: in training studies concrete objects are often used as a tool for
improving word problem solving performance. However, much less is known about
the effects of rewording as a tool for solving word problems. Furthermore, it is
argued that children (from special education), in the process of solving simple word
problems, may use different functional systems: a verbally oriented or a nonverbally
oriented system. Which system is used may depend on the functional deficits of the
child or on child specific preferences. Using a visualization or a rewording task may
interact with the intellectual profile of the child.
Therefore, it is hypothesized that children with learning problems perform
better on word problem solving tasks when these children have to use pictorial
representations of the word problem text or when they have to reword the problem
(hypothesis 1).
1 When this hypothesis is confirmed, the question whether intervention has to focus on
remediation or on capitalization can be raised. However, this question goes beyond the scope of this
study.
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The assumption that nonverbal IQ is related to the nonverbal system and
reading skill is related to the verbal system leads to the following hypotheses.
Hypothesis 2a: Children with a low nonverbal IQ perform worse than children with
a high nonverbal IQ on a Cartoon task. Hypothesis 2b: Children with low reading
skills perform worse on a Rewording task than children with high reading skills.
Hypothesis 3a: Low nonverbal IQ and high verbal children perform better on
the rewording task than on a visualization task. Hypothesis 3b: high nonverbal IQ
and low verbal children perform better on a visualization task than on a rewording
task. Furthermore, the effects of the tasks on the errors committed were explored.
In order to test the aforementioned hypotheses, we designed two tasks in which
children from schools for special education had to solve simple arithmetic word
problems: a Rewording task and a Cartoon task. In the Cartoon task we asked child-
ren to read a word problem text. Subsequently, they had to reconstruct the word
problem text with the help of cartoons. Afterwards, they had to solve the word
problem by constructing a number sentence. In the Rewording task we asked them
to represent the word problem by retelling or rewording the problem text before
writing a number sentence.
Method
Participants
One hundred and forty children (mean age 11.3 years, s.d. 2.1) from schools for
learning disabled children and schools for mildly mentally retarded children were
selected with parental consent, and asked to participate in this study. The selection
criterion was the children’s performance on simple word problems. Children were
selected for participation in the experiment, when they had 65% or less correct
number sentences on the Word problem test. They had to give at least 5% correct
answers and no more than 90% correct answers on the Word problem test. These
criteria were used because these children participated in a succeeding training study
as well (see chapter 6). In addition, children were given the Raven SPM to measure
their nonverbal IQ (mean percentile score 18, s.d. 17) and a Lexical decision task in
order to estimate their reading skill. Furthermore, a standardized Dutch reading test
(DMT) was administered to the selected children. Due to experimental mortality
four children were omitted from analysis, thus there were 136 remaining partici-
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pants. From one child the nonverbal IQ score was not available, therefore this child
was omitted in analyses concerning nonverbal IQ and Reading skill.
Materials
The Word problem test
The Word problem test consisted of 38 classically presented word problems,
based upon the semantic structure scheme of Riley, Greeno and Heller (1983). Table
1.1 gives an overview of the word problem types used. Each word problem type was
presented twice, with different numbers, objects and actors. The presentational order
of the unknown quantity, the smallest and largest given number was systematically
varied, within the boundaries of the semantic structure of the word problem. The
two complementary word problems of the Change 1 type might have looked like
this: “John has 3 cars. John got 5 more cars. How many cars does John have now?” (3 + 5 =
8). In the second word problem the text might have looked like this: “Mary had 7
dolls. Mary got 3 more dolls. How many dolls does Mary have now?” (7 + 3 = 10). In this
example the order of the largest given number and the smallest given number has
been reversed. The largest (un)known quantity in all items was smaller than 20.
When a child performed an addition in a subtraction word problem, the result of this
operation was always smaller than 25.
Each word problem was presented on a single page of a booklet. The experi-
menter read the text aloud, so even children with poor reading skill were able to
grasp the words of the problem text. The subsequent action to be undertaken was
writing a number sentence reflecting the word problem. The children had 45 seconds
to write down and solve the number sentence. Whenever a child didn't know which
number sentence to write down, he or she had to write a cross or a dash. Word
problems were presented in a random order. Each class received one out of six
parallel versions of the test.
The Number sentence test
The Number sentence test consisted of 48 open and closed number sentences.
Given the 24 possible number sentences in two step arithmetic word problems (see
table 3.1), each number sentence was presented twice. As before the order of the
items was randomized. Four parallel versions of the test were constructed. The
children had 30 minutes to complete the test. In case the child didn't know the
answer, he or she had to write a dash.
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The Lexical decision task
In the Lexical decision task (Van den Bosch, 1991) 17 pseudo- and 68 existing
words were printed in a random order on a page. The children had to read as many
words as possible in 1 minute and all non-existing Dutch words (i.e., the pseudo
words) had to be marked. When the time limit was reached they had to draw a line
with a hook just below the last word they had read. The raw score of the test
consisted of the amount of words read minus the incorrectly marked words, or
pseudo words that were not marked. The existing words selected for the test were
high frequent words in the Dutch language (Staphorsius, Krom & De Geus, 1989;
Kohnstamm, Schaerlakens, De Vries, Akkerhuis & Froonincksx, 1981). The pseudo
words were derived from the existing words and their structure.
Raven progressive matrices & DMT
For a description of the Raven Standard Progressive Matrices and DMT see
chapter 3.
Design
The children participating in the study were matched on their performance on
the Word problem task, the Number sentence task, the Raven Progressive Matrices
and the Lexical decision task2 and subsequently divided into two groups. The first
group received the Cartoon task in the first session and the second group received
the Rewording task in the first session. The Cartoon and Rewording tasks were
presented to these groups in a counterbalanced order. From 108 children the scores
on a Word problem test after the experiment were known, because these children
participated in another study as well. Therefore, we were able to test the effect of the
tasks in an ABBA design. Based on the raw scores on the Raven SPM children were
divided, using a split half procedure, into two groups (high and low nonverbal IQ).
The same procedure was used for dividing the children in two groups with high and
low reading level.
Scoring
Performance in writing correct number sentences, providing correct answers and
the errors made in writing number sentences were recorded during pretest, posttest
and the first and second individual session. In addition, during the first and second
2 This task was designed and used for matching purposes only.
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session the concordance between representational order in number sentence,
Cartoon and Rewording task was recorded. Three levels of concordance were
specified. At the highest level of concordance all elements (first given number,
second given number and unknown) of the word problem were represented in the
task and the number sentence as well. Only two elements were used at the second
level, and finally only one element was used at the lowest level of concordance.
Concordance was calculated when there was a match in representational order
between task and number sentence. See table 4.1 for examples of concordance levels
for the following word problem: John had 3 dogs. Mary gave John 5 more dogs. How
many dogs does John have now?. 
Table 4.1 Examples of concordance levels
child rewording number
sentence
level 1 level 2 level 3
first John had 3 dogs. Mary gave John 5 more dogs. How
many dogs does John have now?
3 + 5 = 8 1 1 1
second Now John has 8 dogs. He had 3 dogs. 8 - 3 = 5 0 1 1
third Now John has 8 dogs. Mary gave John 5 dogs. He had
3 dogs.
8 - 3 = 5 0 0 1
General procedure
The Word problem test, the Number sentence test and the lexical decision test
were administered to a whole grade at once, whereas the DMT-, the Cartoon- and
Rewording task were administered individually.
During the Cartoon- and Rewording tasks, children were seated in front of a
computer screen. The experimenter sat at an angle of 90 levels from the child. The
experimenter explained and modeled the procedure with the first two word
problems for the child. Each trial consisted of three stages, the orientation stage, the
stage of re-representation and the stage of formalization. In the orientation stage a
word problem was displayed on the computer screen. At the same time the text was
presented in the form of digitized speech. Whenever the child wanted to listen to the
whole problem text or individual sentences, the speech was generated anew. When
the child told the experimenter he or she had read the text carefully, the text on the
screen was masked. Subsequently, the child had to carry out the Cartoon task or the
Rewording task. Finally, in the formalization stage, the child was asked to supply
83
Chapter 4
the accompanying number sentence. The number sentence was entered by the
experimenter into the computer.
The Rewording task
In the Rewording task, children had to reproduce the word problem. They were
told that it didn’t matter when they were not able to replicate the exact wording of
the text. In this way children were expected not to rehearse the text over and over
again, and child specific strategies could be traced. No feedback was presented
about the recapitulation of the child, nor did the experimenter ask for additional
information when the child did not complete the task. The reproduced text was
recorded on tape and written down by the experimenter.
The Cartoon task
In the Cartoon task, drawings of individual sentences were presented in a
randomized order (see figure 4.1 for an example of a completed Change 1 problem).
Additional cartoons with possible errors related to the outcome of the word problem
were added. I.e., in case of a Change 2 problem a picture was added presenting the
addition of the given numbers in the word problem. The child had to use the
cartoons reflecting the word problem text and to construct a sequence of these
pictures corresponding to the word problem. Drawings not used had to be put aside
by the child. The child was free to use as many drawings as he or she needed. The
sequential order and direction, from left to right or from top to bottom, were also left
to the child's interpretation of the word problem. As in the Rewording task, no
feedback was given about the actions of the child. The experimenter scored the
configuration of the cartoons lying on the table in a matrix.
Figure 1: Example of a representation of a Change 1 problem. (Cartoons made by Martin
van Gelder)
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Procedure
In order to test hypothesis 1, i.e., the Cartoon and Rewording task raise perfor-
mance, an ANOVA on the average proportion correctly written number sentences
and correct answers on pre- and posttest on the one hand, and the average propor-
tion correctly written number sentences and correct answers on Rewording and
Cartoon task on the other hand, was conducted.
In order to test hypothesis 2 and 3 two analyses were used. It was expected that
children preferring a visual representation would benefit more from the Cartoon
task and that the performance of these children would be impaired by a verbally
oriented interference. For children preferring a verbally oriented representation of
the problem, the opposite is expected to be true. If the solution process of a child in
solving the word problem is disturbed by imposing an alternative representation,
the child has to translate the imposed representation to his/her own preferred
internal representation. Because this translation increases memory load, it is likely
that the creation of the formal mathematical model and the episodic situation model
are not synchronized. As a result, there will be more errors and less concordance
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Figure 2: Proportion correctly written number sentences
and correct answers from pretest to posttest. Vertical
lines depict standard errors of the means (On T1 T2 and
T3 n = 136, on T4 n = 108.)
between the order in which the child represents, visually or verbally, the information
given and the written number sentence. In the first analysis the proportion correctly
written number sentences and the number of correct answers served as dependent
variable, whereas in the second analysis the three levels of concordance were used as
a dependent variable.
Results
Quantitative Analysis
Effect of intervention
In order to test the
hypothesis that there was an
effect of intervention, a 2 (ANS-
WER CATEGORY) x 2 ( INTERVEN-
TION) ANOVA on average pro-
portion correctly written num-
ber sentences and correct ans-
wers was conducted. The child-
ren performed significantly bet-
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ter in solving word problems, when presented with the Cartoon or Rewording task
than without these tasks,  F(1,107) = 140.78, p < .05. They wrote on average, 33%
correct number sentences and 50% correct answers on pre- and posttest, whereas
they wrote 60% correct number sentences and 67% correct answers after conducting
the Cartoon or Rewording task. In addition a main effect was found for ANSWER
CATEGORY F(1,107) = 194.72, p < .05, indicating that providing correct answers was
easier than writing correct number sentences. Furthermore, an interaction between
INTERVENTION and ANSWER CATEGORY was found, F(1,107) = 25.35, p < .05, indicating
that the INTERVENTION  had a stronger impact on correctly written number sentences
than on correct answers (see figure 4.2).
Performance on Cartoon and Rewording task
The hypothesis, that type of task interacts with intellectual profile of the child
was tested with a 2 (NONVERBAL IQ ) x 2 (READING SKILL) x 2 ( ANSWER CATEGORY) x 2
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Figure 3: Proportion correctly written number sentences
and answers on Cartoon task and Rewording task split
by reading level, low and high. Vertical lines indicate
standard errors of means (n =68)
(TASK) ANOVA on proportion correctly written number sentences and proportion
correct answers. Between subject analysis yielded a significant main effect for
NONVERBAL IQ, F (1,131) = 12.42, p < .05. Children with relatively high nonverbal IQ
outperformed children with low nonverbal IQ on the Cartoon and Rewording task.
Therefore, the hypothesis (2a)
that children with a low non-
verbal IQ perform worse than
children with a high nonverbal
IQ on the Cartoon task is
confirmed. No main effect was
found for reading skill F (1,131)
= 1.16, ns., indicating that hypo-
thesis 2b, i.e., children with low
reading skills perform worse
on the Rewording task than
children with high reading
skills, has to be rejected.
Within subject analysis re-
vealed a significant main effect
for ANSWER CATEGORY , F (1,131) = 94.97, p < .05, and a trend in the interaction be-
tween ANSWER CATEGORY  and READING SKILL F(1,127) = 3.29, p < .10. The difference
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between correctly written
number sentences and correct
answers for children with high
reading skills was smaller (7%)
than for children with low
reading skills (8%). Further-
more, a significant main effect
was found for TASK, F(1,131) =
38.50, p < .05, indicating that
the Cartoon task was easier
than the Rewording task. In
table 4.2 an overview is provi-
ded of correctly written num-
ber sentences and correct ans-
wers on the Cartoon and
Rewording task. On average,
children wrote 64% correct number sentences and 72% correct answers after the
Cartoon task and 53% correct number sentences and 61% correct answers after
Rewording the word problem text. Interactions were found between TASK and
READING SKILL F(1,131) = 4.10, p < .10, and between READING SKILL and ANSWER CATE-
GORY and TASK F(1, 131) = 4.53, p < .05 (see figure 4.3).
Since no interactions were found 
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Figure 4: Proportion concordance between task represen-
tation and mathematical representation on Rewording
task for children with low reading skill (n = 68) and high
reading skill (n = 68) split by concordance level. Vertical
lines indicate standard errors of the mean proportion
concordance.
between READING SKILL, NONVERBAL IQ and TASK,
the hypothesis that children with low nonverbal IQ and high reading skills perform
better on the Rewording task than on the Cartoon task (hypothesis 3a) and the hypo-
thesis that children with high nonverbal
IQ and low reading skills perform better
on the Cartoon task than on the Re-
wording task (hypothesis 3b) have to be
rejected.
Simple effect analysis showed main
effects for nonverbal IQ within the Car-
toon task, F(1,131) = 10.58, p < .05, and
within the Rewording task F(1,131) = 9.59,
p < .05. 
Table 4.2: Proportion errors made on Car-
toon and Rewording task split by error cate-
gory.
error category Cartoon
task
Rewording
task
No answer .013 .060
Only answer .224 .250
Given number .038 .067
Bad number sentence .011 .010
Subtract given .071 .067
Add given .007 .018
Children with high nonverbal IQ
outperformed children with low nonver-
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bal IQ on Cartoon- and Rewording task. Furthermore, a trend was found for reading
skill within the Cartoon task F(1,131) = 3.66, p < .05. High skilled readers seemed to
do better on the Cartoon task than low skilled readers.
Errors in writing number sentences
The question whether rewording or using cartoons elicit different errors when
writing number sentences, was tested using an ANOVA with number of errors as
dependent variable and TASK and ERROR TYPE as within subject factors (see chapter 3
for a classification of error types). The analysis showed a significant main effect for
ERROR TYPE , F (5,127) = 66.91, p < .05. The most common error in writing number
sentences was the category “Only answer” (see table 4.2). Furthermore, significant
interactions were found between NONVERBAL IQ and ERROR TYPE F(5,127) = 2.51, p <
.05 and TASK by ERROR TYPE F(5,127) = 5.50, p < .05. Simple effects analysis showed
that in the Rewording task more often “No answer” was given by the children than
in the Cartoon task (F (1,131) = 26.56, p < .05). A “Given number” error was also
made more often in the Rewording task than in the Cartoon task (F (1,131) = 9.74, p
< .05). Furthermore, in the Rewording task an erroneous addition was also made
more often than in the Cartoon task (F (1,131) = 5.76, p < .05). As shown in table 4.2
all children had made less errors in the Cartoon task in these categories. Within each
error category no effects were found for NONVERBAL IQ.
Qualitative analysis
Concordance
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Figure 5: Proportion concordance between task 
tation and mathematical representation on Cartoon task
for children with low nonverbal IQ (n  = 65) and
relatively high nonverbal IQ (n = 70) split by concordan-
ce level. Vertical lines indicate standard errors of means.
In order to test the
hypothesis, that intellectual
profile interacts with the
Cartoon and Rewording task
on the number of matching
number sentences and represen-
tations an ANOVA was con-
ducted with concordance as de-
pendent variable and intellec-
tual profile as between subject
factor. TASK (Cartoon and Re-
wording) and three levels of
CONCORDANCE were specified as
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within subject factors. At the highest level of concordance all elements (first given
number, second given number and unknown) of the word problem were represen-
ted in the task and the number sentence as well. Only two elements were used at the
second level, and finally only one element was used at the lowest level of concor-
dance. Concordance was calculated when there was a match in representational
order between task and number sentence.
The results of this analysis showed a main effect for NONVERBAL IQ, ( F (1,131) =
5.40, p < .05), indicating that children with low nonverbal IQ less often had concor-
dant task representations (TR) and mathematical representations (MR) than children
with relatively high nonverbal IQ. The Cartoon task triggered concordance between
TR and MR more often than the Rewording task (F (1,131) = 28.55, p < .05). Further-
more, a main effect was found for LEVEL OF CONCORDANCE (F (1,131) = 145.48, p < .05),
indicating that the children in general produced concordance between TR and MR
more often at the highest level than at the second and lowest level of level of
concordance. Interactions were found between READING SKILL and TASK (F (1,131) =
5.37, p < .05), and TASK and LEVEL (F (1,131) = 24.68, p < .05). Simple effect analysis
revealed a main effect of LEVEL OF CONCORDANCE within the Cartoon task (F (1,131) =
163.05, p < .05) and within the Rewording task (F (1,131) = 37.15, p < .05). In addition
significant main effects were found for NONVERBAL IQ within the Cartoon task, F
(1,131) = 4.62, p < .05, and READING SKILL within the Rewording task, F (1,131) = 4.27,
p < .05 (see figure 4.4 and 4.5).
These results indicate an overall effect for NONVERBAL IQ, but the hypothesis that
children with relatively high reading skills show more concordance on the Reword-
ing task has to be rejected.
Observations
In this section we will present some observations, concerning the Cartoon and
Rewording task. It was found that some children preferred to reword the text exactly
as it was presented before, whereas others reformulated the problem, skipping parts
or adding additional phrases. The following specific observations were made in
relation to the Lewis and Mayer hypothesis (1987), Verschaffel (1992, 1994). Lewis
and Mayer have stated that in order to solve Compare 5 and C ompare 6 word
problems, children need to transform the second sentence of the word problem from
inconsistent language to consistent language, in order to obtain the correct solution.
Two steps are needed to complete this transformation. A reversal of subjects is
needed, and the arithmetic operation, as suggested by the relational term, has to be
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reversed. Whenever the child makes half a transformation, by reversing the object
and subject and not the direction of the relational term, the outcome is predictable.
In case of the Compare 5 word problem an erroneous addition is made, and in case
of the Compare 6 problem an erroneous subtraction is made. Without further infor-
mation, it is however difficult to distinguish half transformation errors from key-
word strategies. In our study we found an indication that some children do make (in-
complete) transformations in rewording the problem. However, making a (incom-
plete) transformation in rewording the task, doesn't mean that on the formal mathe-
matical level the child makes an incomplete transformation. In the following
example the child has made half a transformation in rewording the problem and a
complete transformation when writing the correct number sentence.
word problem presented: Eva has 5 marbles. She has 2 marbles less than Bart.
How many marbles does Bart have?
rewording of the child: Eva has 5 marbles. Bart has 2 marbles less than Eva.
How many marbles does Bart have?
number sentence: 5 + 2 = 7
It was observed that in case of the Compare 5 and 6 word problem, children
made an (in)complete transformation of the Lewis and Mayer type in 47.4% and
51.3% of the cases respectively.
Discussion
The results show that children with learning problems perform much better on
arithmetic word problem solving when they are stimulated to use cartoons or
rewording strategies. Providing cartoons was even more effective than rewording
for these children. The children wrote 38% correct number sentences more and
provided 22% correct answers more on the Cartoon task than on the pretest. On the
Rewording task this difference was 17% correct number sentences and 11% correct
answers respectively. The presence of one of these tasks makes it easier for the
children to solve the problem. However, no transfer was found to the posttest. An
explanation may be found in the process of text comprehension. Kintsch, Welsch,
Schmalhofer and Zimny (1990) have shown that readers without adequate situation-
al understanding make judgments based on surface and textbase characteristics of
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the problem, whereas experts utilize their situation model successfully. Cartoons
may offer more detailed information to the children. This is in line with the findings
of Threadgill-Sowder and Sowder (1982). These authors showed that problems
presented in pictorial format are easier to handle than problems presented in text
format. Verschaffel (1984), De Corte, Verschaffel and De Win (1985), De Corte and
Verschaffel already showed that rewording is a strategy in solving simple arithmetic
word problems. During the comprehension process both tasks provide tools to build
a more adequate situation model and memory load is possibly reduced.
However, our results indicate that using cartoons is even more effective than
asking the children to restate the problem. Rewording the problem may decrease
memory load less during the comprehension and solution process of the children
than using cartoons, despite the fact that cartoons were not visible during the
solution stage of the process. An indication that memory load is reduced more by
providing cartoons is found in the proportion of different errors made by the child-
ren (see table 4.2). The children made more frequently the “No answer” error, the
“Given number” error, and the “Add given” error after rewording the problem than
after using the cartoons. The first two error types in particular, may be seen as an
indication of problems with the short term memory load.
The results on the second main research question whether the intellectual profile
of the child interacts with the task given (i.e., Cartoons or Rewording ) are less clear.
Children with relatively high nonverbal IQ outperformed children with low
nonverbal IQ on both tasks. The interaction found between reading skill, and answer
category and task (see figure 4.3) provides an indication that skilled readers outper-
form poor readers on the Cartoon task, but not on the Rewording task. Cartoons
clearly offer more complementary information for good readers than for less skilled
readers.
However, high skilled readers do not perform better on the Rewording task than
poor readers, and in addition high skilled readers show less concordance between
the restatement of the word problem text and the mathematical representation.
Therefore, the hypothesis that children with low reading skills perform worse on the
Rewording task than good readers has to be rejected. Several arguments may be put
forward to explain these findings. First, high skilled readers may be less inclined to
restate the word problem text literally, because they are more flexible in handling
the textbase, thereby increasing memory load. Second, the experimenters observed
that in some cases children provide answers before conducting the task. In this case
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cartoons may be used for verifying the solution. Rewording may be used, on the
other hand, as a confirmation of the previously generated solution (by low skilled
readers). Finally, reading level is determined by using a test for the assessment of
technical reading skill. A test for comprehensive reading, or using the initial word
problem solving performance may have been more suitable in this respect.
Since no interaction between task, reading skill and nonverbal IQ was found, it
is not clear from this study whether children with different intellectual profiles do
rely on different subsystems (verbal, visual) when processing a word problem text.
Therefore, no recommendations concerning the educational tools to use for children
with discrepant intellectual profiles can be put forward. It is not entirely clear
whether these findings are due to the characteristics of the population under survey,
or that the tasks, or assessment tools are less suitable for these purposes. Most of the
children under study had low nonverbal IQ and reading skills in comparison to their
peers from regular schools. Using participants from schools for special education
and schools for normally achieving children as well, could have resulted in different
findings. By using neuro-psychological assessment procedures the preference for
using one of the two subsystems could have become clearer. However, it may be
argued that these techniques are too obtrusive for educational purposes. Relatively
simple assessment tools  are preferable in this respect.
Furthermore, there is an important difference between the two tasks. The
Rewording task is a production task, whereas the Cartoon task is a verification task.
Another difference is the speed of processing. Rewording is faster than arranging
cartoons. In arranging cartoons actions to be performed range from decisions which
pictures to use, which order to put the pictures in, to the preparation and execution
of manual motor activities.
 Due to these differences, we have to be careful in interpreting the difference in
effect between the Rewording task and the Cartoon task. Despite the fact that a lot of
children have trouble in remembering the exact word problem text, they are
somehow able to pick up essential information. As is the case for thinking aloud
protocols, the (verbal) output of the children might not reflect their internal con-
ception of the problem very accurately. The effect we found of nonverbal IQ may be
questioned in this respect. Perhaps children with higher general capabilities, which
supposedly are measured by the Raven Progressive Matrices, have less problems
retrieving information from short term memory. This may be an alternative explana-
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tion for the effect of nonverbal IQ on the performance of the children on the Cartoon
and Rewording task.
From constructivistic approaches on learning and instruction it has been stressed
that arithmetic (word problem solving) is facilitated by providing contexts such as
pictures. The findings of the current study seem to support the notion that Cartoons
and Rewording improve performance on word problem solving. Therefore, it seems
worthwhile to investigate in more extension whether these tasks can be used in
instruction on arithmetic word problem solving to children from special education.
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Semantic and non-semantic features in arithmetic word problem
solving
Introduction
In previous research on arithmetic word problems much attention has been paid
to the influence of the semantic structure of the word problems on performance and
strategies used (Riley, Greeno & Heller, 1983; Verschaffel, 1984; De Corte, Verschaf-
fel & De Win, 1985). Additional topics deserve attention in this respect, viz., the
effect of non-semantic features such as the order of the numbers presented in the
word problem and the relative difference between given numbers in subtraction
problems. An indication that non-semantic features do influence performance and
strategy choice has been given by Rosenthal and Resnick (1974), De Corte et al.
(1985), Verschaffel and De Corte (1990) and De Corte and Verschaffel (1991).
Rosenthal and Resnick showed that problems in which the events were mentioned
out of the chronological order were more difficult to solve and that problems with
the starting set unknown (such as • + b = c) were more difficult and took longer than
ending set unknown problems. The research of De Corte et al. (1985) showed that
the order of given numbers appears to play a role in children’s choice of solution
strategy. Children seem to use different solution procedures in processing the word
problems when the subset is given before the superset than vice versa. This finding
led the authors to the hypothesis that the strategy used by children to solve simple
addition and subtraction problems not only depends on the semantic structure of the
word problem but also on the sequence of the given numbers in the text. Verschaffel
and De Corte (1990), and De Corte and Verschaffel (1991) showed that addition
word problems are solved more frequently with a starting from larger given number
strategy (L-strategy) than with a starting from smaller strategy (S-strategy). Even
when the smallest number is presented first, children prefer to use the L-strategy
more often. Because Verschaffel and De Corte did use a small subset of word
problems (i.e., Change 1 and Combine 1), it is unclear whether this finding is relevant
for semantically complex addition word problems such as Change 6, Equalize 3,
Compare 3 and 6 (see table 1.1). For children using a counting strategy the number of
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steps in the “double count” procedure is reduced when using an L-strategy (Carpen-
ter & Moser, 1982; Verschaffel & De Corte, 1990). Therefore, it is still unclear whether
children prefer to use this strategy for addition problems in general and whether
these problems are easier to solve when the largest given number is presented first.
Furthermore, Verschaffel and De Corte found some indication that Change 1 pro-
blems, because of the dynamical nature of this problem type elicit less L-strategies
when the smaller number is given first, than Combine 1 problems do. This finding
suggests that the order of mention of given numbers interacts with semantic
features.
Non-semantic features appear to play a role in subtraction problems as well. It is
possible to distinguish several dimensions of variation for the effect of non-semantic
features. The dimensions of variation are based on mathematical and syntactical
structure of the problems such as size and order of numbers used. An elaboration of
the dimensions of variation is needed before giving a detailed description of the
strategies for solving subtraction word problems associated with these dimensions.
First, subtraction problems used in this study had the following structure: superset
(G), larger subset (L) and smaller subset (S) or S < L < G. Since in subtraction problems
the unknown set represents the smaller or the larger subset there may be a difference
in difficulty level. Solving G - S = •, for instance,  may be easier than solving G - L = •.
However, no data are reported on this topic in previous studies. We will define this
dimension of variation as the subtrahend-to-unknown-difference  dimension (SUD).
Second, the actual difference between superset and subset may be large or small
(e.g., 9 - 7 = • or 9 - 2 = •). In some studies (e.g., Ashcraft, 1992; Groen and Parkman,
1972) this is called the problem size effect. Although this dimension appears to be
identical to the previous one, there are some differences. Consider for example the
following number pairs: (A1) 7 - 3 = •, (A2) 7 - 4 = • and (B1) 11 - 2 = •, (B2) 9 - 7 = •.
Both pairs, A and B, are varied on the SUD dimension. Number sentences A1 and B1
have a G - S = • structure and A2 and B2 have a G - L = • structure. However, only
number pair B is varied on the number size dimension. Verschaffel and De Corte
(1992) argue that problem difficulty may be influenced by this feature, but they do
not provide empirical evidence for this point of view. The study of Groen and
Parkman (1972) showed, for instance, that reaction time increases as a function of
number size. The third dimension of variation is the trading, carrying or going over
ten dimension (e.g., 13 - 8 = •). In a study of Wiersma (1995) it was found that
children from special education make more errors in solving word problems in
96
Semantic and non-semantic features
which they had to carry over ten than when this was not the case. The aforemen-
tioned dimensions are related to pure mathematical features of subtraction pro-
blems, whereas the following dimensions are related to syntactical features of the
word problem. The position of subset and superset may vary over word problem
types (order of mention). In the next example the given subset is placed before the
superset in the word problem. “Kenny has 2 children. Lex also has some children.
Together Kenny and Lex have 6 children. How many children does Lex have?” But in the
following example the superset is presented before the given subset. “Ann had 8
dolls. Ann gave Bill 3 dolls. How many dolls does Ann have left?” The last dimension of
variation to be considered is related to the position of the unknown. In the Ann and
Bill example, the position of the unknown is situated in the last sentence of the word
problem, whereas in contrast the unknown in the Kenny and Lex example is situated
in the second sentence. It is not always possible to distinguish between dimensions
given a particular word problem. In this study we will primarily focus on the effect
of order of mention of subset and superset and the effect of the subtrahend-to-
unknown-difference.
In solving subtraction problems three main strategies can be distinguished: A
direct subtractive (DS), an indirect additive (IA) and an indirect subtractive (IS )
solution strategy. By using direct subtraction the answer is found by subtracting the
smallest given number from the largest given number (e.g., 8 - 5 = •). In the indirect
additive strategy the child determines which quantity has to be added to the
smallest given number in order to obtain the largest given number (e.g., 5 + • = 8).
When using an indirect subtractive solution strategy the child determines which
quantity has to be subtracted from to the largest given number in order to obtain the
smallest given number (e.g., 8 - • = 3). The choice of either a direct subtractive (DS) or
an indirect addition (IA) strategy is influenced by the order of mention of the given
numbers. The choice for an indirect solution strategy (IS) is mainly influenced by the
position of the unknown in the word problem (Van Lieshout, 1996). Subtraction
problems starting with the smaller number (SubSmall problems) elicit more IA-
strategies and less DS-strategies than SubLarge problems in which the larger number
is given first (Verschaffel & De Corte, 1990). According to these authors there is a
very strong tendency to use the IA-strategy for Change 3 and C ombine 3 word
problems. As is shown in table 5.1 these word problems have a semantic structure
which may elicit an indirect addition operation of the form a + • = b. This finding
seems to be consistent with the research findings reported by Van Lieshout (1996).
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As before, it is unclear whether this finding is valid for other SubSmall problems
(e.g., Change 5, Equalize 1, 4, Compare 1, 4, and Compare 5 word problems).
Furthermore, Verschaffel and De Corte found that order of mention (of the
numbers) interacts with the semantic structure of the word problem. More specifical-
ly, the order of given numbers influences strategy choice more for Combine 3
problems than for Change 3 problems. It is not clear, however, whether this finding
is valid for all kinds of subtraction problems. It may be argued that SubSmall pro-
blems do not only elicit different solution strategies, but that they are also more
difficult to solve, since on a mental and/or mathematical level a transformation of
order of mention is needed in case the child wishes to write a direct number
sentence. In the study of Carpenter, Hiebert and Moser (1981) it was found that first
grade children who had already experienced formal instruction on addition and
subtraction made more errors in solving word problems than first-grade children
who had not had this type of instruction. Carpenter et al. argue that for these
children formal mathematical solution procedures are imposed on (successful)
informal strategies. Since children from special education are not very experienced
in word problem solving, but have gained (some) insight in the mathematical
symbol system, it may be argued that these children tend to use a direct mathemati-
cal number sentence. Some evidence for this point of view is presented by Van
Lieshout (1996).
In Van Lieshout’s study it appeared that mildly mentally retarded children used
more direct subtractive strategies compared to indirect additive strategies than nor-
mally achieving children. According to Van Lieshout the number of years of formal
mathematical instruction may be responsible for this phenomenon. Because of the
aforementioned reasons we hypothesize that although indirect solution strategies
are easier for the children than direct strategies, they will make more errors in
writing number sentences when solving SubSmall problems than when solving
SubLarge problems.
Related to the aforementioned topics is the question how competence level of the
children influences the strategy choice of the children. Carey (1991) showed that
high competent children use more alternative number sentences in solving semanti-
cally different arithmetic word problems than low competent children. Since compe-
tence level determines the number of strategies that can be used for semantically
different word problem types, it may be linked to the variety of strategies used for
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word problems differing on non-semantical features as well. Therefore, competence
is taken into consideration in relation to the primary research questions.
The purpose of this study was to get a better understanding of the effects of
semantic and non-semantic features on word problem solving performance and
solution strategies of high and low competent children. Based on the research of Ver-
schaffel and De Corte (1990) the following hypotheses were tested.
With respect to addition problems we expected that children prefer to use L-
strategies in general for all word problem types because L-strategies are easier than
S-strategies (hypothesis A1).
Since L-strategies are easier, it was expected that problems in which the larger
number is presented first, would be solved more often correctly than word problems
in which the smaller number is presented first (hypothesis A2a). Difficulty level of
word problems is determined partly by the semantic structure of the problem and
partly by order of mention of given numbers. An ordinal interaction effect of both
features was therefore expected with respect to the number of correctly solved word
problems, viz., non-semantic features strengthen or diminish the effects of semantic
features (hypothesis A2b)
With respect to subtraction problems two hypotheses were tested. First, SubSmall
problems, (i.e., problems in which the smaller number is presented first) would be
solved more frequently using an indirect solution strategy (IA or IS ), whereas
SubLarge problems would be solved more often using a direct subtractive strategy
(hypothesis S1). Second, SubSmall problems are more difficult to solve than Sub-
Large problems (hypothesis S2).
Since no data was reported in the literature about the effect of the subtrahend-to-
unknown-difference it was examined exploratively. The other dimensions of
variation are not taken into consideration in this study, because the word problem
test used was not designed for that purpose. 
Method
Pretest data of the study reported in the previous chapter served as the data set
for the present study. A full description of the data gathering procedure is provided
in chapter 4. Two-hundred-seventy-two children (mean age 12.0 years, s.d. 2.1) from
schools for children with learning problems and mildly mentally retarded children
participated in this study. Based on the number of correct answers on the paper and
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Table 5.1 Word problem types used in the study subdivided according to non-semantic
features. Addition problems refer to word problems in which a correct solution is found
when given numbers are added. In SubLarge problems the answer is obtained when the
second given number is subtracted from the first given, whereas in SubSmall problems the
the answer is obtained when the first given number is subtracted from the second given.
addition problems numbers used
Change 1 Kim had F toys. Rob gave Kim S more toys. How many toys does Kim have
now?
2,5 7,4
Change 6 Kim had some toys. Kim gave Rob S toys. Now Kim has s toys. How many
toys did Kim have first?
4,6 8,2
Combine 1 Kim has F toys. Rob has S toys. How many toys do Kim and Rob have
together?
5,8 2,10
Equalize 3 Kim has F toys. At first Rob had as many toys as Kim. Now Rob has S toys
more than Kim. How many toys does Rob have now?
3,5 3,8
Compare 3 Kim has F toys. Rob has S toys more than Kim. How many toys does Rob
have?
2,6 5,3
Compare 6 Kim has F toys. Kim has S toys less than Rob. How many toys does Rob have? 4,6 2,7
SubLarge problems
Change 2 Kim had F toys. Kim gave Rob S toys. How many toys does Kim have left? 8,2 12,7
Change 4 Kim had F toys. Kim gave Rob some toys. Now Kim has S toys. How many
toys did Kim give to Rob?
7,2 12,7
Combine 2 Together Kim and Rob have F toys. Kim has S toys. How many toys does Rob
have?
10,3 7,5
Equalize 2 Kim has F toys. Rob has S toys. How many toys does Kim need to get rid of to
have as many toys as Rob?
10,4 10,6
Equalize 4 Kim has F toys. At first Rob had as many toys as Kim. Now Rob has S toys less
than Kim. How many toys does Rob have now?
10,4 6,2
Compare 2 Kim has F toys. Rob has S toys. How many toys does Rob have less than Kim? 7,2 8,6
Compare 4 Kim has F toys. Rob has S toys less than Kim. How many toys does Rob have? 8,2 10,6
Compare 5 Kim has F toys. Kim has S toys more than Rob. How many toys does Rob
have?
8,3 8,5
SubSmall problems
Change 3 Kim had F toys. Rob gave Kim some more toys. Now Kim has S toys. How
many toys did Kim get?
3,10 2,8
Change 5 Kim had some toys. Rob gave Kim F more toys. Now Kim has S toys. How
many toys did Kim have first?
4,10 6,8
Combine 3 Kim has F toys. Rob also has some toys. Together Kim and Rob have S toys.
How many toys does Rob have?
3,8 8,10
Equalize 1 Kim has F toys. Rob has S toys. How many toys does Kim need to get to have
as many toys as Rob?
2,7 6,8
Compare 1 Kim has F toys. Rob has S toys. How many toys does Rob have more than
Kim?
2,8 5,8
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pencil word problem test, children were divided (using a split half procedure) into
two groups: high- and low competent students. High competent word problem sol-
vers had more than 74% correct answers on the word problem test.
The word problem test consisted of 38 classically presented word problems,
based upon the semantic structure scheme of Riley, Greeno and Heller (1983).
Examples of the word problem types are provided in table 5.1. Each word problem
type was presented twice, with different numbers, objects and actors. The order of
mention and subtrahend-to-unknown-difference were systematically varied, within
the boundaries of the semantic structure of the word problem. For addition pro-
blems the Combine 1, Change 1, Change 6, Equalize 3, Compare 3 and Compare 6
formed the pool of problems used. These problems were divided in two distinctive
subtypes: SL and LS. In the SL-form the smallest given number was presented first,
whereas in the LS-form the largest given number was presented first. Because, the
given number pair in a subtraction problem always consists of a mathematical
superset and a subset, four combinations are possible: SG, LG, GS and GL, where G
stands for superset, L for larger subset and S for smaller subset. Word problems in
GS- or GL-form are considered to be SubLarge problems, whereas problems of SG- or
LG-form are SubSmall problems. Change 2, Change 4, Combine 2, Equalize 2, Equalize
4, Compare 2 and Compare 4 formed the pool of SubLarge problems, whereas Change
3, Change 5, Combine 3, Equalize 1 and Compare 1 are SubSmall problems. In table 5.1
the mathematical structure and the numbers used in this test are shown. The experi-
menter read the word problem text aloud, so that even children with poor reading
skill were able to grasp the words of the problem text. Subsequently, the children
were asked to solve the word problem and to write down a number sentence
showing which operation had been performed to find the solution. Children had 45
seconds to write down and solve the number sentence. Whenever a child didn't
know which number sentence to write down, he/she had to write an X or a dash.
Word problems were presented in a random order. Each class received one of six
parallel versions of the test.
The word problem test was scored on correctly written number sentences and
strategy use (i.e., L- and S-strategies for addition problems and DS, IA, and IS-strate-
gies for subtraction problems) when the child had written a correct number sen-
tence.
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Results
Addition problems
In table 5.2 an overview is provided of the results concerning strategy use and
performance on addition problems.
Solution strategies
The hypotheses concerning strategies were tested with a 2 (STRATEGY: S & L) x 2
(ORDER OF PRESENTATION : SL & LS) x 6 ( WORD PROBLEM TYPE) x 2 (COMPETENCE : high &
low) ANOVA on the number of strategies used. The results showed significant main
effects for COMPETENCE (F(1,270) = 80.25, p < .05), and STRATEGY (F(1,270) = 192.70, p <
.05). In general, children used the S-strategy in 20% of the cases, whereas the L-
strategy was used in 41%. This finding indicates that the hypothesis that in general
children prefer to use a starting from larger strategy was confirmed (hypothesis
A1a). Significant first order interactions were found for COMPETENCE  and STRATEGY
(F(1,270) = 21.11, p < .05), STRATEGY and ORDER OF PRESENTATION (F(1,270) = 510.25, p <
.05) and WORD PROBLEM TYPE and STRATEGY (F(5,266) = 6.97, p < .05). Significant second
order interactions were found between STRATEGY, WORD PROBLEM TYPE and ORDER OF
PRESENTATION (F(5,266) = 30.09, p < .05). A third order interaction was found between
COMPETENCE, STRATEGY , WORD PROBLEM  TYPE and ORDER OF PRESENTATION (F (5,266) =
4.20, p < .05). The results of the simple effect analysis are presented below for low
and high competent children separately.
On average low competent children used an S-strategy for 18%, whereas an L-
strategy was used for 31% of the addition problems (F(1,270) = 41.89, p < .05). Inter-
action effects were found between STRATEGY and ORDER  OF PRESENTATION within
Combine 1 (F(1,270) = 136.38, p < .05), Change 1 (F(1,270) = 132.94, p < .05), Change 6
(F(1,270) = 50.68, p < .05), Equalize 3 (F(1,270) = 77.71, p < .05), Compare 3 (F(1,270) =
53.57, p < .05) and Compare 6 problems (F(1,270) = 28.40, p < .05). Strategy use of low
competent children reflected the ORDER OF PRESENTATION  in general, viz., using an S-
strategy when the smaller given number was presented first, and using an L-strategy
when the larger given number was presented first.
For high competent children the same pattern emerged from the simple effect
analysis. High competent children used an S-strategy for 23%, whereas an L-strategy
was used for 52% of the addition problems (F(1,270) = 41.89, p < .05). Furthermore,
interaction effects were found between STRATEGY and ORDER  OF PRESENTATION within
Combine 1 (F(1,270) = 203.44, p < .05), Change 1 (F(1,270) = 207.20, p < .05), Change 6
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(F(1,270) = 20.61, p < .05), Equalize 3 (F(1,270) = 132.93, p < .05), Compare 3 (F(1,270)
= 128.47, p < .05) and Compare 6 problems (F(1,270) = 83.97, p < .05). Strategy use of
high competent children also reflected the ORDER OF PRESENTATION in general.
Correctly written number sentences
The hypothesis that semantic and non-semantic features both influence the
children’s performance on the addition word problem test was tested with an 2
(ORDER OF PRESENTATION) x 6 (WORD PROBLEM TYPE) x 2 (COMPETENCE) ANOVA. Depen-
dent variable was the number of correctly written number sentences. The analysis of
variance revealed significant main effects1 for WORD PROBLEM TYPE F(5,266) = 68.11, p
< .05 and ORDER OF PRESENTATION F (5,266) = 11.40, p < .05. On average, for LS-
problems correct number sentences were written in 65.9% of the cases, whereas for
SL-problems correct number sentences were written in 61.3% of the cases. Based on
this finding, hypothesis A2a - LS-problems are easier to solve than SL-problems - is
confirmed. WORD PROBLEM TYPE had a big influence on the performance: Change 1 and
Combine 1 problems were solved correctly in more than 80% of the cases, Equalize 3
and Compare 3 problems were solved correctly on average in 64% of the cases,
Change 6 problems are solved correctly in 53% of the cases. Compare 6 problems
proved to be the most difficult problems with 38% of the problems solved correctly.
Furthermore, a significant interaction was found between WORD PROBLEM TYPE and
Table 5.2 Addition problems, correctly written number sentences and strategy use split by
subtype (SL-subtype = smaller given number first, LS-subtype = larger given number first,
S-strategy = starting with smaller given number, and L-strategy = starting with larger
given number).
word
problem type
proportion correct strategy use
SL-subtype LS-subtype SL-subtype LS-subtype
S-strategy L-strategy S-strategy L-strategy
Change 1 .779 .846 .518 .261 .022 .824
Change 6 .533 .518 .235 .195 .007 .375
Combine 1 .801 .812 .537 .265 .011 .801
Equalize 3 .625 .691 .426 .199 .033 .651
Compare 3 .559 .710 .338 .210 .040 .665
Compare 6 .382 .375 .243 .107 .007 .360
1Since reporting main effects for competence seems rather circular in this section we will omit
them.
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order of presentation F(5,266) = 3.74, p < .05. Simple effect analysis showed an order
effect for compare 3 (F(1,270) = 11.63, p < .05) and compare 6 (F(1,270) = 263.24, p <
.05) problems and a trend in order effect for change 6 problems (F(1,270) = 3.86, p <
.10). Compare 6 problems were easier to solve when presented in the SL-form, where-
as compare 3 and change 6 problems were easier to solve when presented in the LS-
form (see table 5.2). Hypothesis A2b - there is an ordinal interaction between word
problem type and order of presentation therefore has to be rejected. The results
showed no interactions between competence and the two factors order of presen-
tation and word problem type.
Re-analysis of Change 1 and Combine 1 problems showed no confirmation either
of Verschaffel and de Corte’s (1990) hypothesis that Change 1 problems are solved
more frequently according to the ORDER OF PRESENTATION than C ombine 1 problems
(F(1,270) < 1, ns).
Subtraction problems
Solution strategies
Hypothesis S1 states that the choice of either a direct subtractive (DS) or an
indirect additive (IA) strategy is influenced by the order of mention of the subset and
superset: problems starting with the subset (SG- & LG - or SubSmall problems) elicit
more IA-strategies and less DS-strategies than problems in which the superset is given
first (GS- & GL- or SubLarge problems). In order to test this hypothesis, an ANOVA
was conducted with PRESENTATION TYPE (SubSmall vs. SubLarge) and STRATEGY (DS vs.
IA) as within subject factors and COMPETENCE as between subject factor. The results of
the analysis showed that direct subtraction strategies (33%) were used more often
than indirect addition strategies (16%) for subtraction problems, F(1,270) = 58.79, p <
.05. An interaction was found between STRATEGY and PRESENTATION TYPE, (F (1,270) =
414.37, p < .05), showing that SubLarge problems almost never were solved using an
indirect subtraction strategy (4%), whereas SubSmall problems were solved using a
direct subtraction strategy in 21% of the cases and an indirect subtraction strategy in
28% of the cases (see table 5.3). This finding provides confirmation for hypothesis S1.
As will be shown later on, this difference reflects the difficulty level of the word
problem types. Furthermore, an interaction was found between COMPETENCE and
solution STRATEGY, F (1,270) = 17.69, p < .05. Moreover, a significant second order
interaction was found between COMPETENCE, PRESENTATION TYPE and STRATEGY F(1,270)
= 46.55, p < .05 (see figure 5.1). Low competent children used a DS-strategy in 25% of
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the cases for SubLarge pro-
blems, whereas high competent
children used this strategy in
63% of the cases. For SubSmall
problems low and high compe-
tent children used this strategy
6% and 34% respectively.
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Figure 1: Proportion direct subtraction (DS) and indirect
addition strategies used for SubLarge and SubSmall pro-
blems by low (n = 133) and highly competent children (n
= 139). Vertical lines indicate standard errors of means.
For SubLarge problems low
competent children used an IA-
strategy in 2% of the cases,
whereas high competent child-
ren used this strategy in 7% of
the cases. For SubSmall pro-
blems, this strategy was used
in 14% of the cases by low
competent children, whereas it was used in 41% of the cases by high competent
children.
Correctly written number sentences
In order to investigate the influence of semantic and non-semantic features on
subtraction problems three complementary ANOVA’s were carried out with COMPE-
TENCE level as between subject factor. In the first analysis hypothesis S2 - S ubSmall
problems are more difficult than SubLarge problems - was tested. In the second and
third analysis the effect of the subtrahend-to-unknown-difference was examined for
SubLarge and SubSmall problems separately.
The first analysis revealed that on average 58% SubLarge problems were solved
correctly compared to 49% SubSmall problems, the difference being significant,
F(1,270) = 47.83, p < .05). No significant interaction between COMPETENCE and pre-
sentational type (SubLarge vs. SubSmall problems) was found. This result offers
confirmation for hypothesis S2.
The effect of the subtrahend-to-unknown-difference for SubLarge problems was
investigated with COMPETENCE (2 levels) as between subject factor, WORD PROBLEM
TYPE (8 levels) and SUD (2 levels) as within subject factors. Significant main effects
were found for WORD PROBLEM TYPE (F(7,264) = 21.05, p < .05) and SUD (F(1,270) = 4.84,
p < .05). Problems presented in GS-form (59% correct) generally were easier to solve
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than problems in GL-form (57% correct). Significant first order interaction effects
were found between COMPETENCE  and WORD PROBLEM TYPE (F(7,264) = 5.18, p < .05)
and WORD PROBLEM TYPE and SUD (F(7,264) = 3.57, p < .05). A trend was found for the
interaction between COMPETENCE and SUD , F (1,270) = 2.81, p < .10. Simple effect
analysis showed that significant main effects for SUD were found for the Combine 2
(F(1,270) = 11.84, p < .05), Compare 2 (F(1,270) = 5.05, p < .05) and Compare 4
problems (F(1,270) = 7.36, p < .05). For the Compare 4 problems a significant second
order interaction was also found between COMPETENCE  and SUD (F(1,270) = 7.36, p <
.05). Combine 2 problems presented in GS-form were more difficult than in GL-form
(49% vs. 55%). In contrast, Compare 2 problems presented in GS-form were easier to
solve than in GL-form (67% vs. 61%). Low competent children had more difficulties
with Compare 4 problems presented in GL-form than in GS -form (41% vs. 37%),
whereas for high competent children the opposite was true (87% vs. 92%).
The effect of the SUD for SubSmall problems was investigated in the third
ANOVA with WORD PROBLEM TYPE (5 levels) and SUD (2 levels) as within subject factor
Table 5.3 Subtraction problems, proportion correctly written number sentences and
strategy use: direct subtraction (DS), indirect addition (IA) and indirect subtraction (IS).
word problem type proportion correct strategy use
DS IA IS
SubLarge problems
Change 2 .594 .583 .004 .007
Change 4 .566 .333 .022 .211
Combine 2 .520 .309 .204 .007
Equalize 2 .618 .355 .009 .254
Equalize 4 .658 .579 .020 .059
Compare 2 .638 .502 .028 .108
Compare 4 .654 .601 .020 .033
Compare 5 .384 .327 .048 .009
SubSmall problems
Change 3 .542 .158 .379 .006
Change 5 .469 .233 .230 .006
Combine 3 .487 .191 .292 .004
Equalize 1 .501 .175 .324 .004
Compare 1 .441 .257 .175 .009
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and competence (2 levels) as between subject factor. The results yielded significant
main effects for word problem type F(4,267) = 6.49, p < .05, and SUD F(1,270) = 23.49,
p < .05. Problems presented in LG-form were easier to solve (52%) than problems pre-
sented in SG-form (46%). An ordinal interaction effect was found between SUD and
word problem type F(4,267) = 3.07, p < .05. Simple effect analysis showed an effect
for SUD for Compare 1 (F(1,270) = 6.76, p < .05) and Equalize 1 problems (F(1,270) =
6.17, p < .05).
The analyses on SUD show that GS-problems are easier than GL-problems and LG-
problems are easier than SG-problems. These findings indicate that SUD appears to
have an effect on word problem difficulty.
Discussion
The present study showed that semantic and non-semantic features, determine
strategy choice and performance of children with learning problems. This is in line
with the findings of De Corte, Verschaffel and De Win (1985), Verschaffel and De
Corte (1990) and De Corte and Verschaffel (1991) for first and second grade children.
The results of the present study indicate that children prefer to use more often a
starting from larger strategy in solving addition problems (hypothesis A1a), but in
general the order of presentation is followed. Moreover, children make less errors
when the largest given number is presented first (hypothesis A2a). This is in line
with the assumption that using an L-strategy is easier because the number of steps in
the double count procedure is reduced (Carpenter & Moser, 1982; Verschaffel & De
Corte, 1990). Although the differences for the correctly written number sentences are
small, it is likely that at least some children use a counting strategy.
Fuson (1992) argues that counting up would be easier than counting down for
SubSmall problems like the Change 3 word problem. As shown in table 5.3 the
children indeed use an IA-strategy more often than a DS -strategy for this word
problem type. Furthermore, subtraction problems in which the largest given number
is presented first  (SubLarge problems) are seldom solved using an IA-strategy or an
IS-strategy, whereas indirect subtraction strategies were often used for SubSmall
problems (hypothesis S1). An exception may be the Change 4 word problem. For this
problem the children used an IS-strategy in 25% of the cases. The IS-strategy matches
the semantic structure of the word problem. SubLarge problems were also solved
more often correctly than SubSmall problems (hypothesis S2). This finding offers
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some evidence that at least on a mathematical/mental level, when children are
urged to write number sentences, SubLarge problems are easier to solve.
However, not all hypotheses were confirmed and some remarks have to be
made. In contrast to Verschaffel and De Corte we found no evidence that children
more often follow the order of mention in dynamic addition problems than in static
addition problems. This may be caused by the fact that Verschaffel and De Corte
only used semantically simple word problems such as Change 1 and Combine 1
problems, whereas in our analysis the more complex Change 6, Equalize 3, Compare
3 and 6 problems were taken into consideration as well. Although for Change 6
problem the order of mention equals the order of events, the presentation of
numbers in the mathematical structure is reversed when the child uses a time
reversal strategy (i.e., actions like addition and subtraction can be reversed in time
for Change 5 and 6 problems). Thus to solve Change 6 problems the child may start
with the result set, then change the subtraction operation, suggested by the order of
events in the text, into an addition operation (Briars & Larkin, 1984). Even with the
word problem types (Change 1 and Combine 1) used by Verschaffel and de Corte
(1990) no confirmation was found for the hypothesis that Change 1 problems are
more frequently solved according to the order of presentation than Combine 1
problems.
We found no evidence for the assumption that there is an ordinal interaction
between semantic and non-semantic features on word problem difficulty (hypo-
thesis A2b). Compare 6 problems are easier to solve when presented in the SL-form,
whereas Compare 3 and Change 6 problems are easier to solve when presented in the
LS-form. This finding may tentatively be explained for the Change 6 problems. The
SL-form of this problem allows for subtraction which is not correct, whereas the LS-
form does not, provided that the children have no understanding of negative num-
bers.
The analyses on relative difference or subtrahend-to-unknown-difference show
some evidence that SubLarge problems in GS-form are somewhat easier to solve than
SubLarge problems in GL-form. Although the differences are rather small, the results
of the simple effect analysis indicate that when the difference between the given
numbers is large the word problems are often more difficult. This is in line with the
assumption of Verschaffel and De Corte that whenever there is a large difference
between given numbers the problems are more difficult to solve. This distinction,
however, is not systematically made in designing the word problem test. The
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assumption of Verschaffel and De Corte concerns the actual difference of given
numbers and may be the effect of carrying over ten, whereas our distinction
concerns the relative order of the numbers in the problem (known addend, unknown
addend and superset). Therefore, more thorough research is needed to examine the
specific effects of the dimensions of non-semantic variation.
The findings of this study indicate that educational researchers, teachers and
textbook writers have to take non-semantic and semantic features of word problems
into consideration (cf. De Corte and Verschaffel, 1991).
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Objects and number sentences in arithmetic word problem solving
Introduction
In the past decade instruction programs have been developed for children with
learning problems in the domain of arithmetic word problem solving (Jaspers, 1991;
Jaspers & Van Lieshout, 1994b,c; Van Lieshout & Pos, 1990; see also the study
reported in chapter 3). Jaspers and Van Lieshout (1994b,c) taught children to use
concrete objects in order to create a concrete external representation of the word
problem text. In each of the aforementioned training studies, one or two important
features emerged, i.e., the use of concrete external representations with objects or
(schematic) drawings (OBJ), and/or the use of open and closed number sentences or
formal mathematical representation (NUM). Providing kindergarten children with
manipulatives enabled these children to solve simple word problems (Lindvall &
Ibarra, 1982; Carpenter & Moser, 1983). Furthermore, Lindvall and Ibarra (1982)
argued that children have to learn to grasp the semantic relations hidden in the text
before they are taught to write number sentences to the word problem. Similarly,
Willis and Fuson (1988) stated that the most common teaching methods in arithmetic
word problem solving focus heavily on the formal mathematical solution strategy,
such as writing addition or subtraction sentences (e.g., 8 + 5 = ? or 8 - 5 = ?) and
subsequently providing an answer to the problem presented. Writing closed number
sentences forces a direct translation from the text base to the formal mathematical
solution model. It does not provide the children with the opportunity to build a
more elaborate situation model. Therefore, using objects or schematic drawings or
rewording the problem may be beneficial in constructing an adequate situation
model.
However, Bebout (1990) showed that using open and closed number sentences,
matching the semantic structure, was beneficial for first-grade children. Consider the
following example: “Mary had 3 candies. She got some more candies from her
grandmother. Now she has 8 candies. How many candies did she get from her
grandmother?” The number sentence corresponding to this word problem may be
written in the form 3 + • = 8. In this case there is a strong correspondence  between
the text base, the situation model and the formal mathematical model. The study
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The study presented in chapter 3 was based on the findings of Bebout (1990), and
Van Lieshout and Pos (1990) children from special education were taught to use
open and closed number sentences as a means to solve arithmetic word problems. In
the studies of Bebout (1990), Van Lieshout and Pos (1990) writing open and closed
number sentences was linked to a concrete external representation of the word
problem text. In the study reported in chapter 3 no difference was found in
effectiveness of treatments in which the use of objects was linked to the use of open
and closed number sentences and treatments in which this link was omitted (see
chapter 3). Furthermore, Beishuizen (1993) provided evidence that second grade
children perform better on addition and subtraction up to 100 when mental
strategies were used instead of concrete materials like blocks. It might, therefore, be
questioned, whether the creation of a concrete external representation is a prerequi-
site for teaching arithmetic word problem solving to children from special education.
Given the results of our study reported in chapter 3, it seems as if these children do
not experience any additional benefits from the concrete external representation.
Based on this finding and the study of Lindvall and Ibarra (1982), it may, however,
be argued that linking the concrete representation to writing a formal mathematical
representation is useful for (very) badly performing children. Therefore, it seems
worthwhile to investigate the relative effect of the two components (OBJ and NUM) in
teaching arithmetic word problems to children from special education.
In order to gain a better understanding of the effects and educational practica-
bility of both components in learning to solve arithmetic word problems, four
computerized training procedures were developed with the absence or presence of
the two components systematically varied. First, in the NUM/Alone-treatment
children were taught to solve word problems with open or closed number sentences
only. Second, in the OBJ /Alone-treatment children were taught to solve word
problems with objects only. Third, in the COM-treatment the features of NUM/Alone
and OBJ/Alone-treatment were combined. Finally, in the ATC-treatment children were
taught to solve arithmetic word problems without the aid of concrete external
representations and without the aid of number sentences.
Summarizing: the purpose of the present study was to gather more information
about instruction methods to improve word problem solving skills of children with
learning problems. In particular, the relative contribution of two types of
representation - a concrete external representation with objects and a formal mathe-
matical representation - are examined in relation to word problem solving skill and
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mathematical skill. Finally, the effect of initial word problem solving competence of
the children is related to the effects of treatment on performance and strategies used.
The following hypotheses were tested in the present study.
First, it is expected that the NUM and OBJ-component are both effective tools for
children with learning problems (hypothesis 1)
Second, since a concrete external representation may help less competent
children in creating a better situational model, we hypothesize that writing correct
number sentences - as a means to solve arithmetic word problems - is facilitated
more by a treatment in which a formal mathematical representation is linked to a
concrete external representation than by a treatment with only one of these two
components (hypothesis 2a). Given the findings of our previous study it is
hypothesized that this effect will be stronger for children with low initial word
problem solving skills than for relatively high competent children (hypothesis 2b).
Third, it is hypothesized that all children receiving treatment outperform the
children in the CNTL-group (hypothesis 3).
Since solving (easy) word problems may be used as a tool to improve mathe-
matical skills of first-grade children, it is expected at least that low performing
children receiving a NUM-treatment will perform better on decontextualized open
and closed number sentences than low performing children receiving a treatment
without the use of number sentences (hypothesis 4).
Method
Participants
One hundred and forty children (mean age 11.3 years, s.d. 2.1) from schools for
children with learning problems and mildly mentally retarded children participated
in this study with parental consent. The selection criterion was the children’s
performance on simple word problems. Children with 65% or less correctly solved
number sentences on the word problem test were selected for participation. In
addition, they had at least 5% correct answers and less than 90% correct answers on
the word problem test. The word problems were based on the semantic structure
scheme of Riley, Greeno and Heller (1983). In addition, children were given the
Raven SPM to assess nonverbal intelligence and a Dutch reading test (DMT) to
assess reading skill. After matching on word problem solving skills, reading skill,
and nonverbal intelligence, the children were assigned at random to one of the four
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treatments (NUM/Alone, OBJ/Alone, COM or ATC) or the assessment control group
(CNTL).
Design
In a two factorial pretest-posttest-control group design the effect of the compo-
nents formal mathematical representation (NUM) and concrete external represen-
tation (OBJ) was investigated. Systematic combination of the presence and absence of
the two components resulted in four treatments. Children in the NUM /Alone-
treatment were taught to write down open or closed number sentences in order to
solve the arithmetic word problems. They are allowed to write down all possible
mathematically correct number sentences. Children receiving the OBJ/Alone-
treatment were taught to build concrete external representations of the word
problems by means of concrete objects. The COM-treatment combined both features.
In the ATC-treatment, children were taught to solve the word problems by heart. In
all treatments corrective feedback was given in case an error occurred in the solution
process. The subjects in the CNTL-group received no training at all. 
The selected children were matched on their pretest performance on the word
problem test, number sentence test, Raven SPM non verbal intelligence test and the
lexical decision task, and subsequently assigned to one of the four treatments or to
the CNTL-group. The children who did not write number sentences on the paper and
pencil posttest were excluded from analyses (11 children), because availability of
these data was important for subsequent analyses. From these children it was known
from the pretest that they knew how to write number sentences. Furthermore, 7
children were omitted from analysis due to experimental mortality. Therefore, 122
children were remaining, of which 100 children received one of four treatments.
General procedure
The general procedure of the experiment consisted of 4 successive stages - the
pretest stage, the trainer guided instruction stage, the computer assisted training
stage and the posttest stage. In the first stage, the paper and pencil tests - word
problem test, number sentence test, Raven SPM nonverbal intelligence test and the
lexical decision task - were administered in the classroom. In addition, the children’s
reading skill was assessed during an individual session, with a standardized Dutch
reading test (DMT). In the second stage, children from the four treatments were
individually instructed in using the computer program. The trainer showed and
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modeled the solution procedure of the Change 1 and 2 word problems and the
children had the opportunity to practice with the interface guided by the trainer. The
purpose of this session was to show the children how to interact with the interface.
The training stage consisted of 12 individual sessions, with a maximum length of
30 minutes per session. In these sessions all word problem types (see table 1.1) were
trained twice. Every third session was a probe session and a random selection, of the
word problem types used, was presented. Each word problem type was presented
only once during these probe sessions. In the first three sessions (2 training sessions
and 1 probe session), four word problems were presented while in the subsequent
sessions five word problems were offered. At the beginning of training the easiest
word problem types (i.e., Change 1, Change 2, Combine 1 and Combine 3) were
presented to the children. The problems to be trained were randomly selected from
this pool of easy problems. During each training session more difficult word
problem types were added. If a problem type was presented twice it was omitted
from the pool of problems to be presented to the child. The algorithm did not check
whether the previously presented word problems were correctly solved. In the
probe sessions a word problem type was randomly drawn from the 19 word
problem types. Once a word problem had been presented to the children during the
probe session it was not presented again. In addition, for each word problem the
number sets, the names of actors and objects were generated randomly. The only
constraint was that the choice of the number sets had to conform to the construction
criteria of the word problem test (see chapter 4).
In the posttest stage the performance on arithmetic word problem solving skill
was tested in several ways. Only the children who received treatment (NUM/ Alone,
OBJ/Alone, COM, ATC) participated in the first and second posttest. The third posttest
was administered to all children who took the pretest. The first posttest was a perfor-
mance test, in which the computer offered the 19 word problem types used to the
children. The children were allowed either to write down the complete number
sentences or only give the solution for the word problem. No feedback was given
and objects for building a concrete external representation could not be used in this
test. In the second posttest, children were allowed to build a concrete external
representation with objects. The third posttest was a paper and pencil test that was
administered in the classroom to the same children who took the pretest. The
number sentence test, the lexical decision task and the Raven SPM were again clas-
sically administered in two sessions.
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Materials
The word problem test, the number sentence test, the lexical decision task, the
technical reading test, and the Raven SPM are already described chapter 4.
Therefore, we will omit a description of these tests in this chapter.
User interface
The screen consisted of the following areas (see Figure 6.1), the menu-bar, the
instruction-, the word problem-, the worksheet-, the toolbox- and the number sen-
tence area. Most of these areas were visible during the entire solution process.
The menu-bar contains 6 pulldown menus, each with a corresponding button in
the toolbox. An exception was the Apple menu, which didn’t have a corresponding
button and was disabled during the entire instruction process. The menus the child
could use - depending on the features of the treatment - were the arrow-menu, the
eraser-menu, the object-menu, the pencil-menu and the help-menu. The object-menu
and the pencil-menu were enabled for children who received a training with objects.
For the other children these were disabled. The program provided tools for
manipulating and pointing. The arrow-cursor, the default cursor, was used for
pointer   eraser   icon   pencil      help
Mary gave John some more apples.
Now John has 8 apples.
How many apples did John get from Mary?
John had 3 apples.
?
1 2 3 4
5 6 7 8
9 10 11 12
13 14 15 16
17 18 19 20
+ - = •
John
Mary
Provide the answer.
Ready3 + • = 8
Figure 6.1: Screen layout of the final solution stage for the COM treatment.
clicking the menubar, sentences, numbers, operators, the ready button and for
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dragging objects. Clicking a sentence, number, or operator caused the program to
generate the accompanying digitized speech. The draw-cursor was used to mark sets
of objects. By using the eraser-cursor drawings, objects, numbers or operators could
be cleared. The toolbox also contains numbers and operators organized in a
calculatorlike way. When the child clicked on a number or operator the item was
placed in the number sentence area just below the worksheet. Help was provided
when the help-item in the menubar was activated or when the help-button in the
toolbox was clicked. Furthermore, help was spontaneously offered when the child
exceeded a time limit of 20 seconds of doing nothing. A three step help procedure
was used when the child committed an error. The first time an error was made, a
comic nasty sound was generated. The second time, a dialog-box appeared in the
center of the screen giving the child general information about the error committed
(e.g., “You are not allowed to use the + sign right now!”) When the same error was
made a third time, content specific help was provided by telling the child exactly
what to do next.
At the onset of the solution process the sentences in the word problem area were
masked. Furthermore, the Ready-button and the numbers and buttons in the toolbox
were disabled with the exception of the Help-button. On the worksheet a pictorial
representation with corresponding names of the actors in the word problem text was
given. The icon of the first actor was embedded in a rectangle. Depending on the
treatment, one or five squares marked the position of the answer or the entire
number sentence respectively.
Instructional treatment
The solution and representation process of each trial consisted of three
successive stages. The orientation  stage, the representation  stage and the solution
stage1. The orientation stage was identical for all treatments. When a word problem
was presented, the word problem text was masked and the tools in the menubar and
toolbox were disabled. The children were instructed to click on the first sentence and
to read it. In the meantime, the sentence was displayed on the screen and the
accompanying speech was generated. This procedure was repeated until the last
sentence had been read.
1 For children receiving the ATC-treatment no distinction can be made between the representation
stage and the solution stage.
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In the representation  stage the items in the menubar were enabled or disabled
depending on the kind of treatment and current state of the solution process. In the
NUM/Alone-treatment, the child had to create a formal mathematical representation
in the form of an open or closed number sentence. In this stage the child was only
allowed to use the answer in building the number sentence after completing the
number sentence. When the child wanted to represent the unknown quantity in the
number sentence, he/she had to use a • sign.
In the OBJ/Alone-treatment, the child had to create a concrete external represen-
tation of the problem text with the aid of icons on the worksheet. By clicking on the
actor without a square around the icon, the square moved to that actor. Objects were
placed next to the marked actor-icon. A set of objects was completed when a
polygon was drawn around the set. The program always marked the first given set
in blue, the second in red and the answer set in fluorescent green2. Whenever the
child drew a polygon around the wrong number of objects (i.e., an unknown
quantity, a previously used quantity, an incorrect amount or a wrong part-whole
scheme), the program generated one of the described error messages. After the child
drew a polygon, the program showed him/her that it was counting the set of objects
embedded in the polygon by highlighting the area and by inverting the objects one
by one. It produced a corresponding click-sound, to help the child with counting the
objects. When all sets were marked, the representation stage was completed.
The COM -treatment combined the features of the NUM- and the OBJ/Alone-
treatment. The children were free to choose whether they wanted to use the objects
first, or whether they wanted to start with building the number sentence first. But,
they had to complete both representations before entering the solution stage.
In the solution stage, the children had to write the answer in the empty square in
the ATC- and OBJ/Alone-treatment, while children receiving one of the other two
treatments had to write it on the square marked with a •. An error message was
generated when the child did not provide the right answer.
All treatments had a time restriction. The children in the treatments with objects
were allowed to use four minutes for the solution of each word problem, because
they needed more time to interact with the interface, whereas the children in the
other treatments had one minute to complete the word problem and/or give the
answer. When the child didn't complete the word problem in time or made 9
2 All children were able to differentiate between the colors used.
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successive errors on one problem, an animation of the required steps in the solution
procedure was shown to the child.
After each session a histogram was presented, representing the score on the
current and previous sessions. The score, ranging from 0-100, was indexed by
difficulty level of the word problems. When the children had to solve the easiest
word problems, the score could never reach 100. In contrast, the children never got a
score of zero, the minimum score was always twenty.
Procedure
In this section the performance in word problem solving of the selected children
after treatment is presented. Attention is paid to the following questions: Do
children receiving treatment outperform children in the CNTL -group in writing
number sentences and/or giving the correct solution on the paper and pencil
posttest? Is there an effect on the number sentence writing skills of the children?
Furthermore, the effect of using objects and number sentences is analyzed for
children receiving treatment while the intellectual profile of children is taken into
consideration.
Results
It was expected that the NUM and OBJ -component are both effective tools for
children with learning problems (hypothesis 1). Furthermore, writing correct
number sentences - as a means for solving arithmetic word problems - is facilitated
more by a treatment in which a formal mathematical representation is linked to a
concrete external representation compared to a treatment with only one of these two
components (hypothesis 2a). This effect will be stronger for children with low initial
word problem solving skills than for relatively high competent children (hypothesis
2b). In order to test these hypotheses a 2 (NUM) x 2 (OBJ) x 2 (COMPETENCE) x 2 ( TIME)
factorial repeated measurement ANOVA was conducted. The proportion correctly
written number sentences and answers on the pre- and posttest were taken as
dependent variables. Therefore, two within subject factors were specified, TIME and
ANSWER CATEGORY. Between subject factors were NUM and OBJ, each with two levels
(absence and presence of the feature) and initial COMPETENCE  with levels high and
low. Initial competence was defined by using a split-half procedure on the number
of correctly written number sentences on the word problem pretest. The between
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subject analysis yielded a significant main effect for initial COMPETENCE, F(1,92) =
66.01, p < .05. Initially high competent children outperformed children with low
initial competence also on the posttests. The within subject analysis showed a
significant main effect for TIME, F(1,92) = 173.66, p < .05, significant interaction effects
for initial COMPETENCE by TIME, F(1,92) = 22.23, p < .05, and for NUM  by initial
COMPETENCE by TIME, F (1,92) = 4.44, p < .05. Simple effect analysis showed that
relatively high competent children benefited more from a NUM-treatment, F(1,92) =
5.25, p < .05 than from an OBJ -treatment. A trend was found indicating that high
competent children were better off when they received the NUM /Alone-treatment
instead of the COM-treatment. Therefore, partial support is found for the hypothesis
that the NUM-component is effective for treatment.
The within subject analysis yielded a significant main effect for ANSWER CATEGO-
RY, F(1,92) = 114.86, p < .05, and significant interaction effects for initial COMPETENCE
by ANSWER CATEGORY, F(1,92) = 6.04, p < .05, and for NUM by initial COMPETENCE by
ANSWER CATEGORY , F(1,92) = 4.12, p < .05. No further interactions were significant.
Simple effect analysis showed that relatively high competent children benefited
more from a NUM-treatment, F(1,92) = 5.25, p < .05 than from an OBJ -treatment. A
trend was found indicating that high competent children were better off when they
received the NUM/Alone-treatment instead of the COM-treatment. The results of this
analysis show no confirmation for the hypothesis that writing correct number senten-
ces is facilitated more by a treatment in which a formal mathematical representation
is linked to a concrete external representation than by a treatment with only one of
these two components, and the hypothesis that this effect will be stronger for
children with low initial word problem solving skills than for relatively high
competent children.
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Figure 6.2: Proportion correctly written number sen-
tences on pretest and posttest by highly competent child-
ren split by treatment. Vertical lines indicate standard
errors of means. (For ATC  n = 13, OBJ/Alone n = 12,
NUM/Alone n = 11, COM n = 14)
In order to test the
hypothesis that children re-
ceiving treatment outperform
children in the CNTL -group
(hypothesis 3) an ANCOVA
was carried out. The propor-
tion correct number sentences
and answers on the word
problem posttest served as
dependent variables. The pre-
test performance on writing
correct number sentences and
answers were taken as
covariates. The prerequisites
for an analysis of covariance
(i.e., regression of the dependent variables on the covariates and parallelism between
regression lines) were met. Treatment with 5 levels served as between subject factor
and answer category with 2 levels (proportion correct number sentences and
answers) served as within subject factor. An orthogonal contrast was specified
comparing the treatment groups (NUM/Alone, OBJ/Alone, COM & ATC) with the CNTL-
group.
Table 6.1 Proportion correct answers and number sentences split by treatment and compe-
tence.
pretest posttest
competence treatment answer number
sentence
answer number
sentence
low ATC .350 .142 .575 .516
OBJ/Alone .291 .216 .564 .524
NUM/Alone .410 .201 .607 .517
COM .443 .202 .649 .563
high ATC .634 .555 .699 .674
OBJ/Alone .679 .512 .701 .651
NUM/Alone .603 .512 .818 .785
COM .632 .510 .721 .684
121
Chapter 6
The analysis showed a significant difference between the groups receiving treatment
and the CNTL-group F(4,116) = 2.53 p < .05. The children in the NUM/Alone-treatment
and COM-treatment outperformed the children in the CNTL-group, t(1,116) = 3.07 p <
.05 and t(1,116) = 2.33 p < .05 respectively. Children in the OBJ /Alone- and ATC -
treatment did not perform better on the word problem posttest than children in the
CNTL-group, therefore partial support was found for hypothesis 3. Furthermore, a
significant difference between the proportion of correct number sentences and the
proportion of correct answers was found, F(1,116) = 15.22, p < .05. In general, it was
easier for children to give the correct answer than to write down a correct number
sentence. No interaction between answer category and treatment was found.
Because children in the NUM/Alone- and COM-treatment were trained in using
number sentences, it was expected that they would also perform better on the
number sentence posttest, than the children in the ATC- and OBJ/Alone-group
(hypothesis 4). This hypothesis was tested using an ANOVA on the number of
correctly written number sentences and answers with TIME and initial COMPETENCE as
within subject factor and NUM  and OBJ  each with two levels as between subject
factors. Between subject analysis yielded a significant effect for NUM, F(1,87) = 5.48 p
< .05 and initial COMPETENCE, F(1,87) = 21.82 p < .05. Children receiving a NUM-
treatment in both tests outperformed the other children (see table 6.1). Within subject
analysis showed a significant main effect for TIME, F(1,87) = 27.35 p < .05 but the
within subject analysis yielded no significant interaction effect between TIME and
NUM, F(1,87) < 1 ns. Therefore, hypothesis 3 has to be rejected. All groups performed
better on the number sentence posttest. Children receiving a NUM-treatment out-
performed the other children on pre- and posttest.
Error analysis
An error analysis was carried out on pretest and posttest performance in writing
number sentences on the word problem test. An ANOVA of the number of errors
made with ERROR  TYPE and TIME as within subject factors, NUM , OBJ and initial
COMPETENCE as between subject factors, revealed the following results. A significant
main effect was found for initial COMPETENCE , F(1,92) = 95.25, p < .05, TIME F(1,92) =
173.04, p < .05, and ERROR TYPE, F(5,88) = 98.55, p < .05. An erroneous addition was
most often made on pre- and posttest (17.6%). No answer was provided by the
children in 15% of the cases. First order interactions were found between initial
COMPETENCE and ERROR TYPE, F(5,88) = 11.81, p < .05, between initial COMPETENCE and
TIME F(5,88) = 19.71, p < .05, and between TIME and ERROR TYPE, F(5,88) = 13.70, p <
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.05. The “Add given” error was made most often after treatment. Moreover, low
competent children had a higher score on all error types than high competent
children, with the exception of erroneous subtraction errors which were more often
made by high competent children than by low competent children. A second order
interaction was found between initial COMPETENCE , TIME and ERROR TYPE , F(5,88) =
13.70, p  < .05. Furthermore, a trend was found in the interaction between
COMPETENCE, OBJ and ERROR TYPE, F(5,88) = 4.42, p < .10. Simple effect analysis on gain
scores showed that low competent children had the greatest reduction on the “No
answer” category (F(1,92) = 13.68, p < .05) and the “Only answer” category (F(1,92) =
4.70, p < .05). No other significant main and interaction effects were found. In table
6.2 an overview of the errors made on pre- and posttest is presented. 
Table 6.2 Proportion errors committed on pretest and posttests split by errortype, treat-
ment and initial competence L(ow) or H(igh).
pretest posttest
error ATC OBJ/A-
lone
NUM
/Alone
COM ATC OBJ
/Alone
NUM
/Alone
COM
No answer L
H
.314
.070
.342
.098
.293
.115
.285
.213
.103
.055
.205
.096
.051
.019
.081
.063
Only answer L
H
.188
.029
.047
.105
.165
.067
.208
.071
.030
.007
.011
.014
.034
.005
.020
.018
Given
number
L
H
.093
.024
.073
.022
.058
.067
.033
.030
.024
.002
.006
.005
.019
.010
.024
.014
Bad number
sentence
L
H
.014
.033
.021
.019
.034
.012
.015
.030
.014
.026
.015
.005
.008
.000
.042
.002
Subtract
given
L
H
.047
.086
.053
.136
.043
.050
.079
.079
.085
.110
.066
.105
.103
.081
.079
.087
Add given L
H
.196
.204
.246
.108
.199
.167
.175
.144
.227
.154
.173
.124
.269
.100
.191
.132
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Performance on word problem types
In table 6.3 the results on separate word problem types are shown on pretest and
posttest. After treatment the greatest gain was found for Combine 3 problems (41%
gain). Gains of more than 30% were found for the Change 4 (36%), Combine 2 (32%),
Equalize 3 (34%), Compare 2 (33%), and Compare 4 (32%) word problems. Change 5,
Compare 1, 5 and 6 problems were still difficult for the children, they wrote less than
50% correct number sentences for these word problem types.
Table 6.3: Proportion correctly written number sentences and answers on word problem
pretest and posttest split by word problem type.
pretest posttest
word problem type number sentences answers number sentences answers
Change 1 .735 .825 .865 .870
Change 2 .350 .505 .620 .655
Change 3 .270 .455 .500 .610
Change 4 .285 .425 .645 .690
Change 5 .200 .370 .495 .605
Change 6 .360 .455 .515 .540
Combine 1 .675 .775 .825 .840
Combine 2 .195 .365 .515 .635
Combine 3 .200 .325 .610 .670
Equalize 1 .265 .530 .460 .575
Equalize 2 .390 .565 .735 .785
Equalize 3 .490 .585 .675 .705
Equalize 4 .420 .565 .685 .725
Compare 1 .145 .440 .440 .580
Compare 2 .385 .595 .715 .780
Compare 3 .485 .565 .705 .725
Compare 4 .405 .480 .720 .765
Compare 5 .160 .260 .380 .415
Compare 6 .235 .340 .390 .395
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Discussion
The results of this study indicate that children with learning deficits profit from
computer aided instruction programs in solving simple arithmetic word problems.
All children performed better after the training was completed. The children
receiving one of four treatments outperformed the children in the CNTL- group in
providing correct answers and writing correct number sentences on the word
problem posttest. This better performance was primarily caused by the children in
the COM- and NUM/Alone-treatment. On average, it was easier for the children to
write correct answers than to write correct number sentences. However, the gap
between the two variables decreased after treatment. Since no difference was found
between the ATC- and OBJ- treatment on the one hand and the CNTL -group on the
other hand it may be argued that instruction in writing number sentences as a means
to solving word problems is beneficial for children from special education.
The assumption that a treatment in which the use of a concrete external
representation with objects is linked to writing number sentences is more powerful
than a treatment with only one of these two components (hypothesis 2a) and that
this treatment will primarily affect children with low initial word problem solving
skills (hypothesis 2b) are not confirmed. However, it was shown that the NUM
component was more effective for high competent children. High performing
children had higher gains when they received a NUM/Alone-treatment where they
only wrote numbers sentences, compared to a COM-treatment. For solving simple
word problems writing number sentences is not a prerequisite. Informal counting
strategies are sufficient for this purpose as well. However, for word problems with
larger numbers a formal mathematical strategy may be more appropriate. Moreover,
writing number sentences enables the child to use formal mathematical symbols as a
symbolic representation of the word problem (cf. Carpenter, Moser & Bebout, 1988).
As shown in this study and a number of other studies (Bebout, 1990; Carey 1991;
Van Lieshout, 1996) for some word problem types, such as Change 3 and 4, open
number sentences are spontaneously used by children to represent the word
problem. Since kindergarten children are capable of solving simple arithmetic word
problems with the aid of concrete objects (Carpenter, Hiebert & Moser, 1983) it may
be worthwhile to investigate whether there exists an optimal curriculum for
instruction of arithmetic word problems.
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Altogether it may be argued that at least three stages with two instructional
transitions are needed in the instructional process. In the first stage word problems
are solved with the aid of concrete objects. In the second stage the use of concrete
objects is linked to using open and/or closed number sentences. In the final stage
concrete objects are omitted. The moment of transition from one stage in the
curriculum to another has to be ascertained for each particular word problem type
and/or for each individual child. Moreover, as Beishuizen (1993) has shown in the
domain of mental arithmetic, teaching mental strategies may be more effective than
using concrete objects. In this respect it may be worthwhile to consider teaching
children to restate the word problem before solving it, or to use Socratic dialogues in
(remedial) teaching children to solve arithmetic word problems.
The interaction found between initial competence and time indicated that low
competent children improved more in writing number sentences and providing
correct answers than high competent children. Low competent children improved on
average 23% in providing correct answers and about 34% in writing correct number
sentences, whereas high competent children improved 10% in giving correct
answers and 17% in writing correct number sentences. Nevertheless, the
performance of low competent children was still below the pretest performance of
high competent children. This phenomenon may be due to a ceiling effect. For the
least difficult word problems such as Combine 1 and Change 1, children (both low
and high competent) write about 85% correct number sentences and for the more
complex word problems such as Compare 5 and Compare 6 problems children write
on average 39% correct number sentences on the posttest. The greatest gain is found
for problems of intermediate difficulty such as Change 3, 4 and Combine 2, 3. This
finding clarifies why low competent children become better skilled in translating the
word problem into a formal mathematical representation.
The hypothesis that the NUM-component in solving simple arithmetic word
problems has a transfer effect on the performance of the children on solving
canonical and non-canonical number sentences was not empirically supported. A
main effect for the NUM-component and time on pre- and posttest was found, but
there was no interaction between time of testing and treatment. This finding
indicates that there is no transfer from the domain of arithmetic word problems to
the domain of simple canonical and non-canonical addition and subtraction
problems. However, a number of children participating in this study had experien-
ced several years of mathematics education before this training study was
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conducted. Some children asked for more difficult problems (i.e., simple addition
and subtraction over 20, and even simple multiplication and division problems)
even though they were not able to solve the simple arithmetic word problems
presented. Therefore, lack of results in writing open and closed number sentences
may be based on the number of years of mathematical education of the larger part of
the population under survey.
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Conclusions and implications
In this chapter some conclusions will be drawn from the studies reported in this
thesis. Subsequently, we will present some implications for future research on
theory, educational practice, and the design of computer aided tutoring systems.
CATS for children from special education: concluding remarks
One of the major aims of this thesis was to investigate how word problem
solving performance of children from schools for special education could be im-
proved. Two main elements were used to accomplish this improvement. Children
were taught to use open and closed number sentences, and second, children were
taught to create an external representation with manipulatives embedded in a
schematic drawing. Several configurations with or without one of these elements
were presented in learning environments for solving arithmetic word problems with
computer support. Most children receiving treatment showed moderate to great
progress in writing correct number sentences and giving correct answers when
solving simple addition and subtraction word problems. Children receiving
treatment in general outperformed the children from the assessment control groups.
The exception to this rule was the study presented in chapter 6. Children receiving
an attention control treatment or a treatment with concrete objects, did not outper-
form the children from the assessment control group. The instruction to use open or
closed number sentences seems to be the most important element in the instruction
procedures. However, because there were no differences in performance found for
low competent children between the attention control group and the treatment with
concrete objects on the one hand and the combined treatment and the number
sentence treatment on the other hand, other factors may have had an additive
facilitating effect on the progress the children made.
First, using audible computer speech could have been a contributing factor to the
instruction process. Consequently, information input was not sensory modality
specific. Montali and Lewandowski (1996) showed that in reading research less
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less skilled readers benefit more from a training which uses digitized speech. Presen-
ting the word problem text and instructions in two ways might result in the children
having less difficulty in creating the situation model for the word problem and in
understanding the instructions used. Besides, children had the opportunity to listen
to the text over and over again, providing the opportunity to use less shallow text
processing procedures.
Second, individual instruction may be (highly) motivating because each child is
taken out of the classroom and gets personal attention. In addition, individual
instruction often is more adaptive to the specific needs of the child. In the study
presented in chapter 3, for instance, the choice of particular word problems was
guided by the preceding performance of the child. Several types of feedback were
offered in case the child made an error in solving the word problem. Depending on
the persistence of the error, feedback was given ranging from simple error sounds to
animations of a correct solution procedure. As a consequence, children may spend
more effort in trying to understand what word problems are about and how they are
solved.
The third factor is linked to using the computer as an educational tool. Using the
computer provides opportunities to create highly adaptive learning environments.
In this environment the child can practice by him or herself without external help.
Furthermore, Mojet (1984) stresses several other advantages of using the computer in
special education. These advantages are an increase of task-oriented activities,
concentration span, perceived competence and less experiences of failure. Moreover,
computer feedback is not emotionally charged, while emotions may play a part
when a human teacher is involved.
Finally, the progress may be caused by the task itself. Children participating in
the studies reported in this thesis were not very familiar with word problem solving,
while they had (some) experience in solving simple addition and subtraction
problems. The operation error (i.e., erroneous addition or subtraction) was the most
common error before and after treatment, indicating that the children knew how to
write a number sentence, but often not which operation to choose. If, through
treatment, children became aware that not all word problems are addition problems,
then part of the progress is explained by a more elaborated reflection on the choice
of operation.
Apart from the number sentence element, the lack of differentiation between
effectiveness of different treatments may be caused by the number of training
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sessions. On average, there was a ceiling of 65-70% correctly written number
sentences after treatment. The results on distinct word problem types show rather
low gains for the more difficult word problem types, such as Change 5 and 6,
Compare 1, 5 and 6 word problems. In the study reported in chapter 3, some children
did not get the opportunity to train these word problem types, because they had not
yet mastered easier problems, whereas in the study reported in chapter 6, all word
problem types were trained twice. In both studies children did not have time to
master all word problem types in the intervention period. Although this is true for
all treatments it may be argued that an extended training period would have
resulted in more discriminating effects between treatments.
Furthermore, most treatments have focused on teaching to use objects as mani-
pulatives. In the study of Beishuizen (1993) in the domain of mental arithmetic, it
was shown that children with learning problems, benefited more from a treatment
focusing on mental strategies with objects as models, instead of using manipulatives
such as blocks as tools. Based on the converging findings of the research conducted
in this thesis, the conclusion may be drawn that using manipulatives are not so
effective for children from special education as this method is thought to be. For
children from special education instruction focusing on more abstract strategies,
such as schematic drawings, may lead to greater results than using concrete objects.
We will return to this topic at the end of this chapter.
A second major aim of this thesis was to investigate whether aptitude treatment
interaction between high- and low competent children, on the one hand, and type of
intervention, on the other hand, plays an important role. It was expected, that low
performing children would benefit more from a high structured treatment than from
a low structured treatment. The study presented in chapter 3 did not show an
aptitude treatment interaction between degree of structure in treatment and initial
competence. The number sentence element in the low and medium structured
treatment is probably responsible for this finding. Particularly, the permitted
flexibility in writing number sentences can be seen as a powerful factor in this
respect. A number of children, for instance, haphazardly discovered that for
addition word problems number sentences of the form • = FIRST GIVEN NUMBER  +
SECOND GIVEN NUMBER were allowed by the program, providing that the mathemati-
cal structure is correct and reflects the mathematical relations in the text. The
flexibility makes the low and medium structured treatment highly adaptive to the
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conceptions of the child. This feature may be an important reason why no aptitude
treatment interaction was found in this study. In addition, in designing the high
structured treatment there were some difficult choices to be made. Consider the
following Compare 1 problem. “Thomas had 5 books. James had 8 books. How many more
books does James have than Thomas?” In writing a number sentence for this problem
two main strategies reflecting material strategies may be used: adding to, or
separating from. In line with the adding to strategy the number sentence has to be 5
+ • = 8. When the second strategy is used, the number sentence has to be 8 - • = 5.
The aim of the high structured treatment was to create two representations, a
material and a mathematical one, matching the semantic structure of the word
problem. Therefore, we chose the first option (adding to), despite the fact that some
children may have preferred to use the second strategy. As shown in chapter 5, low
competent children prefer to use a direct subtraction strategy for this word problem
type, indicating that a “counting down from” strategy (8 - 5 = •) might have been a
better strategy.
An aptitude treatment interaction between treatment and initial competence was
reported in chapter 6. It was shown that high competent children performed better
on word problem solving when these children received a treatment in which they
had to write number sentences than when they received a treatment in which they
had to create an external representation of the word problem text and write a
number sentence for it. This finding indicates that high competent children already
have some experience in translating the mathematical relations hidden in the word
problem text into a formal mathematical representation. These children apparently
do not need to create an external representation with objects as an intermediate step.
Looking at subskills, such as reading skill or performance on (nonverbal) intelli-
gence tests, is another way of defining competence. In chapter 3 an indication, albeit
statistically not significant, was found that children with different intellectual
profiles (i.e., children with low nonverbal or high nonverbal IQ and low reading or
high reading skills, might perform differently when presented with a visually
oriented as compared to a verbally oriented treatment). This finding was a major
starting point for the research reported in chapter 4. It was hypothesized that
visually and verbally oriented tasks appeal to two different representational systems
in the brain: a verbal and a nonverbal system. It was argued that this conception
seems to fit the Dual Code Theory of Clark and Paivio (1986). A (minor) deficit in the
functioning of one of these systems or the preference to verbally decode or visually
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decode the information given may, therefore, interfere with the intervention given.
Although, in general, no support for this hypothesis was found, it became evident
that reading skill influences performance also when visually oriented interventions,
such as cartoons, are offered to the children. Cartoons clearly offer more comple-
mentary information for good readers than for less skilled readers. Nonverbal
intelligence seems to have predictive value for performance on both kinds of tasks,
but the results show no interaction between task and nonverbal intelligence.
In general no aptitude treatment interactions were found. Several reasons may
be responsible for these results. First, the interventions cannot be discriminated
sufficiently. Second, the comparisons were made within the group of children from
special education. Since the children under survey have a wide range of problems,
ranging from reading, writing, arithmetic to behavioral problems, this may curtail
possible interaction effects. Therefore, using a wider range of diagnostic instruments
for future research has to be taken into consideration. A third reason for the absence
of an interaction may be that most of the children had low scores on the nonverbal
intelligence test. Moreover, their performance in school was on average below the
performance of same aged peers from regular schools. It may be worthwhile to do
future research on aptitude treatment interactions both on schools for regular
education and on schools for special education.
In the next section we present some implications for future research on arith-
metic word problem solving and the instructional design of computer aided learning
environments for children from special education. 
 
Implications for future research
No convincing evidence was found, in contrast to other research (e.g., Lindvall
and Ibarra, 1982; Jaspers, 1991) for the idea that concrete objects as manipulatives are
helpful for children with learning problems in the process of solving simple
arithmetic word problems. However, in chapter 4, it was shown that cartoons
increase performance when presented as an aid for solving these word problems.
Contexts provide additional information and enable the child to get a better
understanding of the word problem text. An essential difference between using
manipulatives and cartoons is the degree of activity required of the child. Whereas
manipulatives ask for an active comprehensive processing of the word problem,
cartoons require less activity. Children may judge the correctness of the cartoons and
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act accordingly in the solution process. From this point of view it seems worthwhile
to replicate the study presented in chapter 6 while concrete objects are substituted by
a cartoon decision task. For instance, present several correct and incorrect cartoons
to the children, and let them decide which cartoon fits the word problem text.
Animations may be used instead of cartoons. Cartoons seem to be especially suitable
for static word problems, whereas animations are perhaps better for dynamical
problems.
An important question in this respect is when the moment arrives that children
do not need a pictorial representation anymore. This notion requires a stage like
description of the learning process from novice to expert knowledge. Since kinder-
garten children are capable of solving simple arithmetic word problems with the aid
of concrete objects (Carpenter, Hiebert & Moser, 1983), it may be argued that two or
three instructional transitions are needed in the instructional process. In the first
stage word problems are solved with the aid of concrete objects or pictorial represen-
tations, in the second stage the use of concrete objects is linked to using open and/or
closed number sentences, in the second or third stage the concrete objects or pictorial
representations are replaced by abstract schematic drawings and in the final stage
these drawings are omitted. The moment of transition from one stage in the curricu-
lum to another has to be ascertained for each single word problem type and for each
individual child. 
Word problem solving is especially important in bridging the gap between
everyday life problems and mathematical knowledge (Resnick & Ford, 1984).
However, the word problem types used in this study represent only a number of
semantically different variations of these everyday problems, presented in text
format. Teaching children from special education to use mathematical knowledge
for these problems may also be achieved by having them act out the problem, for
instance, in a setting of shopkeepers and customers. This approach offers the
advantage that adequate informal strategies may be used. Subsequently, these
informal strategies are replaced by formal mathematical strategies and scenes are
replaced by textual and/or pictorial representations. In the “Jasper Woodbury
series” of the Vanderbilt group (1992, 1993) a similar approach has been advocated.
“The adventures of Jasper Woodbury” is a series of instructional materials com-
posed of video, written, and optional computer materials that are designed to be
tools in the classroom for the development of several cognitive skills, especially
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mathematic problem solving skills. The aim of this series is to bridge the gap
between natural learning environments and the school learning environment.
However, interactive education with the entire group is often not suitable for badly
performing children in arithmetic because in this situation these children often pick
up too little information (Van Luit, 1994a,b). Therefore, acting out or interactive
multi media learning, has to be accomplished in small groups of children. Peer
tutoring or working in small groups requires verbalization of the problems to be
solved. In the study presented in chapter 4, we saw that verbalization raises the
performance in solving arithmetic word problems. Other evidence for the effective-
ness of peer tutoring in special education ensues, for example, from the study of
Beirne - Smith (1991). Peer tutoring is based on the principle that a high competent
child offers guidance to a low competent child in the solution and problem solving
process. Another advantage of peer tutoring is the finding that peer tutoring
increases perceived competence and reduces experiences of failure (Byrd, 1990). 
This brings us to a third issue to be considered in teaching arithmetic word
problem solving: task motivation and perceived competence. Seegers and Boekaerts
(1993), for instance, have shown that performance on arithmetic is a function of
cognition, affect and motivation. The great number of failure experiences we observe
in children with learning disabilities often leads to motivational problems: their fear
of failure is increased (Licht and Kistner, 1986). As a result they are generally
unwilling to try to find solutions to problems of which they are not one hundred
percent sure they know the answer. This behavior will result in a vicious cycle: by
not trying to find solutions they will fail again, which will strengthen the fear of
failure even more, leading to even less willingness to try. In situations outside the
school, when these same children are playing computer games, they seem not to be
bothered by failure experiences at all (Malouf, 1988). They are willing to take risks,
even if they consequently fail and have to start over and over, always trying to get
one step closer to the end of the game.
In nature play is one of the most powerful tools for transfer of skills. Several
predators, for instance, are trained in hunting skills by playing with their brothers
and sisters. Games are pleasurable, enjoyable, have no extrinsic goals, they are
spontaneous, voluntary and involve active engagement (Garvey, 1977). Moreover,
games are characterized by an interplay between rules and chance (Eigen & Winkler,
1987). Whenever the chance element is too strong, the game is boring because the
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player is not able to influence the course of the game. The height of the reward plays
a role, as evidenced by the large amount of people playing in the lottery, with high
stakes and a very small chance of winning. The game is also boring when chance is
(almost) absent, because in that case the outcome of the game becomes predictable
and after a while the player stops playing. Lets take for instance the game tic-tac-toe.
When the players have discovered the rules of this game they know that they will
win only, when their opponent makes a mistake or when they have an unexperien-
ced opponent. So, in order to keep humans playing a (particular) game, it has to be,
in operant learning terms, partially reinforcing. The course and outcome are
determined by the choices or decisions at the branches of the decision tree. Com-
puter games often bear these features in common. It is, therefore, worthwhile to
investigate whether computer games effectively can be used to help children with
learning problems in the area of arithmetic word problems. In a pilot study we
embedded the combined intervention of chapter 6 in an adventure game (Stelling-
werf, Severijnen & Houtmans, in preparation; Severijnen, 1995). From the results of
this study it became clear that children from a school for special education, did
appreciate this type of instruction more than the standard curriculum. However,
more research is needed to investigate the relationship between motivation,
computer games and instruction on arithmetic word problems.
Using the computer in special education provides the opportunity to create
adaptive, flexible, and motivating learning environments. Animations, video
representations and perhaps virtual reality techniques, may be used as tools for
more concrete and realistic mathematical story problems. However, knowledge of
semantic and mathematical features, influencing problem difficulty, is still needed
for the proper diagnose of specific misconceptions of the problems to be solved, and
other obstacles in the learning process.
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Summary
First-grade children and children with learning problems often experience
difficulties in solving arithmetic word problems. Word problem solving is especially
important in bridging the gap between everyday life problems and mathematical
knowledge. In comparison with normally achieving children the performance of
children with learning problems is much lower, even when they are matched on
mental age and computational ability. In the past decade, a considerable amount of
research has been conducted on the effect of the relative difficulty of simple word
problems, and strategies children use to solve these problems. The studies show that
the semantic structure of the word problem has a major influence on the form of the
number sentence used by the children and on the sequence and choice of represen-
tational steps.
 In order to get more insight into the ways in which instruction for educable
mentally retarded children can improve the understanding of canonical and non-
canonical number sentences as symbolic representations of the mathematical
relations in arithmetic word problems two experiments with computer assisted
instruction for arithmetic word problems were conducted. In addition, the role of
semantic and non-semantic features of arithmetic word problems was further
investigated.
The first chapter of this thesis provides an overview of theories and research on
arithmetic word problem solving. This research domain will be discussed in the light
of the current debate on cognitivistic vs. constructivistic approaches to learning and
instruction. It is argued that these approaches focus on micro- vs. macro levels of
learning and instruction. Therefore, knowledge gathered from the cognitivistic view
may have implications for constructivistically oriented approaches to learning and
instruction and vice versa. Special attention will be given to the design and rationale
of computer aided tutoring systems. Finally, the empirical and theoretical body of
research on arithmetic word problem solving is reviewed. The second chpater deals
with the question how children from special education can be optimally trained in
arithmetic word problem solving. The computer, a relatively new tool for education
and educational research, is used for this purpose. Therefore, a description of the
programs used and their predecessors is provided. The description is related to the 
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principles of computer aided instruction as mentioned in the previous chapter.
Furthermore, the research topics, an overview of the study and the population under
survey are described in more detail.
In the third chapter the effect of computer aided instruction methods to improve
arithmetic word problem solving skills of children with learning problems was
investigated. The main question was whether the degree to which a teaching method
is structured, has a differential impact on children with different initial competence
levels. The children were offered three treatments varying from low to high structur-
ed. Children receiving treatment outperformed the children in an assessment control
group, but no differential effects in performance were found between the three treat-
ments. However, it was shown that the treatments trigger qualitatively different
solution strategies. The expected aptitude treatment interaction between initial
competence and treatment was not found. 
Two related topics concerning arithmetic word problem solving in schools for
special education are addressed in the fourth chapter. First, what is the effect of
visualization and verbalization tasks on word problem solving performance of these
children. Second, These tasks appeal to two different representational systems in the
brain: a verbal and a nonverbal system. In the literature some neurological evidence
for the existence of these systems is given. A (minor) deficit in the functioning of one
of these systems or the preference to verbally decode or visually decode the informa-
tion given may interfere with the task given. The results of the study showed that
both tasks have a powerful effect on the word problem solving performance of the
children. However, no evidence was found that the tasks interact with the intellectu-
al profile of the child.
In the fifth study we investigated the impact of semantic and non-semantic
features of arithmetic word problems. The effect of semantic features has been
stressed in a number of studies. In the past decade non-semantic features are rarely
considered in research on arithmetic word problem solving. The results of this
study, however, also showed interaction effects between semantic and non-semantic
features of arithmetic word problems. Performance as well as strategy choice of the
children was affected by the two types of features.
In the sixth study we investigated the relative contribution of two main compo-
nents often used in the instruction of arithmetic word problem solving to first-grade
children and children with learning problems, external representation with objects
and formal mathematical representation with number sentences. Four treatments
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were developed, First, in the NUM/Alone-treatment children were taught to to write
down open or closed number sentences as a mean to solve arithmetic word pro-
blems. In the OBJ-treatment children were taught to use objects in solving the word
problems. Third, in the COM/Alone-treatment the features of NUM- and OBJ-compo-
nent were combined. Finally, in the ATC-treatment, children were taught to solve the
word problems by heart. Furthermore, an assessment control group (CNTL ) was
formed. It was shown that performance improved significantly after treatment in
comparison to the performance of the CNTL-group. However, the increase in
performance cannot be attributed to the effects of instructing the children to use
number sentences and/or concrete representations only. No overall difference was
found in effectiveness of the to components. But, high competent children benefitted
more from the NUM-treatment than from the other treatments.
In the final chapter concluding remarks are presented with respect to the present
study. Furthermore, it is argued that future research may aim on rich word problems
embedded in an adventure or story context.
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Samenvatting
Leerlingen afkomstig uit het speciaal onderwijs voltooien hun basisschool-
periode veelal met een ernstige achterstand in rekenvaardigheden. Het ontbreekt
deze kinderen zowel aan voldoende domein-specifieke kennis als kennis over
probleemoplossen in het algemeen. Daarnaast ondervinden ze op grond van faal-
ervaringen vaak motivationele problemen. Speciale aandacht vraagt het zogenaam-
de redactierekenen. Deze vorm van rekenen wordt in het onderwijs geacht de brug
te vormen tussen aangeleerde rekenkennis en de toepassing ervan in het dagelijkse
leven. Dit soort opgaven wordt in het speciaal onderwijs (met name bij moeilijk
lerende kinderen) vaak als "te moeilijk" afgedaan, terwijl deze opgaven voor een deel
de "raison d'être" voor het technische rekenen vormen.
Om meer inzicht te krijgen in de manier waarop instructie aan deze kinderen
verbetering kan brengen in het begrijpen van gewone som- en puntsomnotaties als
symbolische representaties van de mathematische relaties in redactieopgaven, zijn in
de loop van het project een aantal (trainings) experimenten met computer onder-
steund onderwijs uitgevoerd bij kinderen afkomstig uit LOM- of MLK-onderwijs.
Daarnaast werd het effect van semantische en niet-semantische structuurkenmerken
van redactieopgaven nader onderzocht.
In het eerste hoofdstuk wordt een overzicht gegeven van theorieën en onderzoek
op het gebied van het redactierekenen. Dit onderzoek wordt besproken in het kader
van het debat over cognitivistische vs. constructivistische benaderingen over leren
en instructie. Vanuit het gezichtspunt dat deze twee benaderingen zich richten zich
op micro- en macro niveau’s van leren, wordt beargumenteerd dat beide benader-
ingen complementair zijn. Speciale aandacht wordt gegeven aan het design en
rationale van computer gestuurde instructiesystemen. Ten slotte wordt een overzicht
gegeven van het empirische en theoretische onderzoek naar het redactierekenen.
In het tweede hoofdstuk wordt aandacht geschonken aan de vraag hoe kinderen
afkomstig uit het speciaal onderwijs het beste kunnen worden getraind in het
oplossen van redactiesommen met behulp van de computer. Een overzicht wordt
gegeven van de gebruikte programma’s en de voorlopers daarvan. Daarnaast
worden de onderzoeksvragen van dit proefschrift nog eens nader belicht.
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In het derde hoofdstuk werd nagegaan wat de rol is van structuur in trainingen.
Doel van dit experiment was om na te gaan welke vorm en structuur van training
het best gebruikt kan worden bij het leren opstellen van somnotaties bij eenvoudige
redactiesommen. Hiertoe waren een drietal trainingsvarianten ontwikkeld varierend
van hoog- (HS) tot laag gestructureerd (LS). In de HS training moesten de kinderen
stap voor stap de semantische relaties - zoals weergegeven door de probleemtekst -
uitbeelden op een werkblad met behulp van iconen. Daarnaast moesten ze analoog
aan de probleemtekst en de visuele representatie een puntsomnotatie opstellen.
Vervolgens kon dan tellend of rekenend het antwoord op de vraag worden ver-
kregen. In de medium gestructureerde variant (MS) kregen de kinderen de moge-
lijkheid om stappen over te slaan in het afbeeldingsproces en mochten ze alter-
natieve somnotaties genereren. Zo mocht bijvoorbeeld de opgave: “Jan heeft 3
knikkers. Hij kreeg er wat knikkers bij. Nu heeft Jan 8 knikkers. Hoeveel knikkers
heeft Jan erbij gekregen.” worden opgeschreven als 3 + • = 8, maar ook als 8 - 3 = •.
De kinderen in de LS-variant hadden niet de mogelijkheid om de probleemtekst
extern te representeren met behulp van voorwerpen, wel werd ze gevraagd som-
notaties op te stellen bij de probleemtekst. Deze kinderen kregen ook geen feedback
op fouten in het oplossingsproces. Bij zowel de HS- als de MS-variant waren de
kinderen verplicht om de probleemtekst in z’n geheel te lezen, dan wel te laten
uitspreken door de computer.
Covariantieanalyse met als covariaat de score op de voormeting wees uit dat alle
drie trainingsgroepen significant meer vooruitgang gingen dan de controlegroep. De
drie trainingsgroepen verschilden onderling niet significant van elkaar. Hoewel de
prestaties niet verschilden, kwam wel naar voren dat de kinderen uit de drie
trainingsgroepen kwalitatieve verschillen vertoonden in gevolgde strategie.
Daarnaast kwam naar voren dat leesvaardigheid en nonverbaal IQ een belangrijke
rol spelen.
Het redactierekenen vereist de inzet van tenminste twee domeinspecifieke
vaardigheden: tekstbegrip en rekenkundige vaardigheden. Op grond van de aange-
boden probleemtekst worden het situatiemodel en het formeel mathematische
model gecreëerd. Het situatiemodel is een interne representatie en interpretatie van
de gegeven relaties in de probleemtekst. In dit experiment werd na gegaan met
welke hulpmiddelen de creatie van een correct situatiemodel kan worden be-
vorderd. Een goed geformuleerd situatiemodel zal immers leiden tot een beter
formeel mathematisch model. Vanuit de Dual Code theorie van Paivio wordt
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verondersteld dat interne representaties gesitueerd kunnen zijn in twee sub-
systemen: een verbaal en non-verbaal subsysteem. De subsystemen zijn door kruis-
verbindingen wederzijds gerelateerd. Uit verschillende onderzoeken is naar voren
gekomen dat in de loop van de ontwikkeling visuele informatie meer verbaal wordt
gecodeerd. Kinderen hebben in tegenstelling tot volwassenen meer de neiging om
deze informatie visueel te coderen. Gegeven de veronderstelling van eerder
genoemde subsystemen is de vraag hoe de vorming van het situatiemodel het best
kan worden beïnvloed bij kinderen afkomstig uit het speciaal onderwijs op het
gebied van het redactierekenen. Daarnaast werd verondersteld dat kinderen met
verschillende intellectuele profielen mogelijkerwijs meer beroep deden op een van
de subsystemen. Dit zou tot uiting moeten komen door een interactie tussen de
prestaties op een van de aangeboden taken en non-verbaal IQ en leesvaardigheid.
Hiertoe werden twee taken ontworpen een visualisatie- en een verbalisatie taak. Bij
beide taken werd in twee sessies een probleemtekst zowel visueel als auditief in een
random volgorde aangeboden. Vervolgens werd de tekst gemaskeerd en werd aan
de kinderen gevraagd om de tekst extern te representeren met behulp van strip-
tekeningen of door de tekst na te vertellen. In de daarop volgende fase werd ze
gevraagd om een bijbehorende somnotatie op te stellen. Voorafgaand aan het onder-
zoek werden de kinderen geselecteerd op grond van een klassikale redactietoets.
Deze toets diende tevens als voormeting. Bij een deel van de kinderen werd boven-
dien nog een nameting afgenomen.
Uit de analyses kwam naar voren dat de twee taken een significant beter
prestaties opleverden dan de de voor- en nameting. Er werden geen aanwijzingen
gevonden voor het effect van beide subsystemen op de oplossingsvaardigheden van
kinderen afkomstig uit het speciaal onderwijs.
In het vijfde hoofdstuk werd nagegaan wat het effect is van semantische- en niet-
semantische factoren bij het oplossen van redactieopgaven. Er werd significante
hoofd- en interactieeffecten gevonden voor beide factoren. Op grond van deze
bevindingen werd geconcludeerd dat bij de constructie van toets- en studiemateriaal
rekening met beide factoren moet worden gehouden.
In het zesde hoofdstuk werd een trainingsonderzoek opgezet om de rol van de
trainingsfactoren externe representatie, puntsomnotatie nader te onderzoeken. De
kinderen werden gematched en vervolgens ingedeeld in 5 (trainings) condities. Eén
groep diende als assesment controle groep en maakte geen deel uit van het het
factoriële 2*2 design. De eerste trainingsgroep (COM) kreeg een training waarbij de
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kinderen de probleemtekst extern moesten representeren en een puntsom moesten
formuleren. De kinderen in de tweede trainingsgroep (OBJ /Alone) moesten de
probleemtekst extern representeren en een antwoord geven. Deze kinderen hoefden
dus geen puntsom te formuleren. De derde trainingsgroep (NUM/Alone) kreeg
instructie in het leren opstellen van puntsommen. De kinderen in de vierde trainings-
groep (CNTL) konden alleen een antwoord formuleren. Deze groep fungeerde als
aandachts controle groep.
Uit dit onderzoek kwam naar voren dat trainingen waarbij puntsommen
expliciet zijn opgenomen in de trainingen het meest effectief zijn voor kinderen die
al relatief vaardig zijn in het oplossen van redactieopgaven. De mogelijkheid om de
probleemtekst extern te representeren met behulp van voorwerpen liet geen additief
trainingseffect zien. Alle getrainde kinderen lieten ook een vooruitgang zien op het
maken van kale puntsommen. Hoewel niet significant werd er een trend gevonden,
dat kinderen die binnen de redactietraining puntsommen moesten gebruiken net iets
beter presteerden op de tweedede puntsommentoets.
In het laatste hoofdstuk wordt een samenvatting gegeven van de hoofdbe-
vindingen van dit onderzoek. Aanbevelingen worden geformuleerd voor toekomstig
onderzoek op het gebied van redactieopgaven. Gepleit wordt voor het gebruik van
meer contextrijke en realistische opgaven, al dan niet ingebed in een verhaalcontext.
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